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NOTICE

This report was prepared as an account or Govermnent sponsored

work. Neither the United States, nor the National Aeronautics and

Space Administration (NASA), nor any person acting on behalf of

NASA: ',

(A) Makes any warranty or representation, expressed I

or implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this report, "

or that the use of any information, apparatus, method,

or process disclosed in this report may not infringe _.

privately owned rights; or i

(B) Assumes any liabilities with respect to the use of, or

for damages resulting from the use of any information,
_T

apparatus, method or process disclosed in this report. _
U:

As used above, "person acting on behalf of NASA" includes any employee
L

or contractor of NASA, or employee of such contractor, to the extent

that such employee or contractor of NASA, or employee of such [
!

contractor prepares, disseminates, or provides access to, any infor-

mation pursuant to his employment or contract with NASA, or his

employment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information

Attention: AFSS-A
Washington, D.C. 20546
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EXTENDED LOADING OF CRYOGNIC TANKS
BY

C. F. Tiffany, P. M. Lorenz and R. C. Shah

ABSTRACT

Plane-strain flaw growth characteristics under sustained loading and

combined cyclic-sustained loading conditions as well as static fracture

toughness values were obtained for ZZ19-T87 aluminum and 5AI-Z. 5 Sn

(ELI) annealed titanium. Investigations were c_nducted at room temper-

ature, -3Z0°F and -4Z3°F in ambient air, liquid nitrogen and liquid

hydrogen environments, respectively. The experimental approach was

based on linear-elastic fracture mechanics. Results from surface-

flawed uniaxial specimens and cylindrical tanks were compared. It

was concluded that the effects of cyclic and sustained loading may be

• combined and used in the design of cryogenic pressure vessels.

l'
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PREFACE

This report describes an investigation by The Boeing Company from

June 1965 to December 1966 on plane-strain sustained flaw growth

in thick-walled cryogenic tanks under Contract NAS 3-6290. The

work was administered by Mr. Gordon T. Smith of the NASA Lewis

Research Center.

Boeing personnel who participated in the investigation include

C, F. Tiffanyj project supervisor; P, M. Lorenz, principal investi-

gator; and R. C. Slmh_ research engineer. Structural testing of

specimens and cryogenic tanks was conducted by A. A. Ottlyk and

3. R. Hughes. Manufacturing support was provided by O. Faerber°

Technical illustrations and art work were prepared by D. Good.
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SUMMARY

The experimental work performed on this program was directed toward

establishing design criteria, obtaining sustained and combined cyclic

sustained stress flaw growth data, and developing design utilization

methods for cryogenic pressure vessels. Experimental data together

with the overall assessment of the problem of cryogenic pressure

vessel design lead to confirmation of the design criteria based on the

evaluation of fracture toughness of the material, its flaw growth

characteristics, and assurance of adequate flaw growth potential. Key

factors are the "No Failure" threshold stress int,_nsity levels, selection

of adequate proof test level, and interaction between cyclic and sustained

loading.

The experimental approach was based upon Griffith-Irwin fracture

criteria and utilized unlaxially surface-flawed fracture toughness

specimens as well as pressure vessels made from 2219-T87 aluminum

and 5A1-2.5Sn(ELI) titanium. Tests were conducted at -4Z3°F, -3Z0°F,

and at room temperature, under static, sustained, and combined cyclic-

sustained loading conditions. The obtained data was integrated with

cyclic data from NAS 3-4194 program and presented in the form useful

in design of cryogenic pressure vessels.

It Ires been shown that subcritical flaw growth and subsequent failure can

o, cur under conditi_J,_s of sustained stress. The cause of this growth is,

at present, unknown, but may be related to high stress creep fracture

of the plastically yielded rnaterial at the flaw tip, which exists even
I'

though the gross stress field is elastic. The intent of the effort I

described in this r_pn,t was not to determine the reasons for such

growth, but to determine the conditions under which it can occur and how

it affects pressure vessel service performance.

i
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A series of surface flawed fracture specimens with different initial flaw

sizes and/or applied stress levels (i.e. different initiat stress intensity

values) have been tested to generate curves of Kii or Kii/Kic versus

time to failure. Characteristically, it has been foand that for a given

material-environment combination there is a stre_s intensity level

below which failure will not occur. This has been called the threshold

stress intensity level. It was further observed that below this level

time at maximum stress has little or no effect on subcr2,ical cyclic

flaw growth rates, but above the threshold failure cyclic Life of speci-

mens was significantly reduced.

All room-temperature specimens were tested in ambient atmosphere.
o.

The -3Z0°F and -423°F tests were conducted in liquid nitrogen and
;5

liquid hydrogen environments, respective)y. The sustained load testing

wvs done by subjecting surface-flawed specimens to a target stress

level, then leaving the specimens under the load for a specified period

of time or until failure. Test specimens that did not fail under sustained

loading after times ranging from a few minutes to several days were

"marked" by subjecting them to low stress fatigue. Purpose of the

or "marking" was to introduce a differently textured fatigue area around

. the periphery of the flaw and thus, upon subsequent fracture, be able

to determine the extent, if any, of sustained flaw growth.

A series of titanium and aluminum specimens were instrumented for

_ detection and measurement of flaw opening displacements during the

test run by using single wire strain gages mounted on the platelets

i_ attached to the lips of the surface flaw. The combined cyclic-sustained

testing was done by modifying the 0-100-0 trapezoidal loading profile

used on NAS 3-4194 program. The modification consisted of anincreased hold time at maximum load from 15 seconds to Z. 5 and 30

minutes, respectively.

1
!

v

'!

1967025688-008



so •

Fractographic technique used for flaw size measurement has been

developed during the experimental effort sponsored by the NASA Lewis

NAS 3-4194 prograrr_, and essentially consists of illuminating fracture

, surface with the polarized light.

t

Sustained testing of cylindrical tanks was done by pressurizing a given6

test tank to a desired4hoop stress and holding at that pressure for a

predetermined period of time or until failure. Flaw marking in the

tanks, whenever the tank did not _ail _luring the test, was accomplished

by subjecting each tank to a repeated pressurization at relatively low

pressure levels, Marking of some flaws was done by removing a portion

of the shell containing surface flaw, straightening adjacent regions or

by welding straight extensions when necdssary. The flaw-containing

portion of the sh_ll was then marked as if i_ere an ordinary uniaxial

surface-flawed specimen.

The sustained stress flaw growth data obtained on this program can be

used in estimating the life of cryogenic pressure vessels subjected to

extended periods of time at pressure, such as will be encountered in

long term space missions. Also, the results of this program can be used

in conjunction with the cyclic flaw growth data obtained on NASA Contract

NAS 3-4194 (reported in CR 54837) to estimate the life of pressure 'vessels

., subjected to combined cyclic .and sustained pressures. Assurance of safe

life for extended pressure storage can be Obtained by insuring that during, ,,
/'

the required life the maximum applied stress intensity in the vessel does "

not exceed the sustained stress threshold stress intensity value for the _.

specific material and environment. A successful proof-presJure test can', '_
f _ o . J- •

be '_used to determine the maximum pd_sible _initial applied stress intensity

, in the Vessel. The maxirnmii initial ritical stress intensit atio is

! equal to o_e°divided by _he ratto"of the _Of pressure to the maximum ,

• ....: operating sure. From the_results of this p,rogra m tt_tb_©oncl.uded _

.... .: ...... _!fJ ' // °

/
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that below the "No Failure" threshpld _tress intensity level (ilp. that

stresd intensity above which delayed tirne _ ' ' "_ailures can o_ct_r)_ _time at

pressure has little or no effect on cyclic flaw growth _ates. Hence.

the data reported in C11 54_37 jan be safely used to determine the

number of pressure cycles, required:to increase the initial stress

intensity to the thresholdlevel. Above the threshold l,Jvels time at

pressure can have a large effect on cyclic flaw growth rates and as a
0

result cyclic life can be _everely limited.
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1.0 INTRODUCTION

Cryogenic pressure vessels used in extended space missions will be

subjected to both multiple pressure cycles and prolonged periods of

time at a relatively constant pressure. The success of the mission

is dependent upon the prevention of premature vessel failure, i.e.,

either vessel leakage or catastrophic fracture. In order to prevent

failure it is necessary to predict with a reasonable degree of accuracy

the minimum possible service life. Ifthis predicted life falls short of

that required, the design, i.e., materials, stress levels, etc., may

have to be modified.

Excluding the problem of possible service damage such as that due to

meteoroid impact, the minimum life of a pressure vessel depends upon

the largest flaw or defect sizes initially present in the vessel, the

critical flaw sizes required to cause fracture at normal operating stress

levels and the subxdritical flaw growth characteristics of the vessel

materials. With knowledge of the fracture toughness values of the

tankage materials, the applied stress levels, and the appropriate stress

intensity equations, the critical flaw sizes can be predicted. Deter-

ruination of the initial flaw sizes depends on nondestructive inspection

procedures_ which are of limited value in accurately defining flaw and

size. However_ as pointed out in references I and 2, a properly

designed proof test wilt indicate the maximum possible initial flaw

sizes in the vessel. The two types of subcritical flaw growth of concern

are cyclic and sustained stress growthB which may or may not be

aggravated by the service environment.

This report describes an investigation by The Boeing Company, from

June-1965 to I_ecember 1966 onplane-strain sustained flaw growth

,, in thick-walled cryogenic tankl under Contract NAS 3-6290. The

q

_, . -'L , • *' _ i [

1967025688-020



Specific aims of the program were to:

1) Generate fracture toughness and sustained stress flaw growth
data by testing unaxially loaded surface-flawed specimens;

2) Establish how and under what conditions uniaxial data can be
applied to cryogenic pressure vessel design;

3) Verify the applicability of the uniaxial data to cryogenic tank _:
design by pressure testing surface-flawed cylindrical tanks.

The materials selected for testing were 2219-T87 aluminum plate -,
I. 25-inch thick and 5AI-2.5Sn(ELI) titanium plate 0. 188-inch thick.

The aluminum was tested at room temperature, -320"F and -4230F,

and the titanium at -320°F and at -4Z3"F. The room temperature

tests were conducted in ambient air; the -320°F and -4230F tests

were conducted in an environment of liquid nitrogen and liquid hydro-

gen, respectively. Flaw growth characteristics of both materials

were estal_ :ished under sustained and combined cyclic-sustained

loading conditions.

The report is divided into sections describing experimental approach,

generated test data, and discussion of results. A brief discussion of #.
the stress intensity equations used m this investigation and the use _,,

of the stress intensity concept in the evaluation of subcritical flaw

growth is precented in Section 2. O. Amens elastic solutions discussed I!',

are Irwin's solution for semi-elliptical surface flaw, KobayashiJs

solution for deep surface flaws and Smith's solution for semi-circular _

surface flaw as well as his estimates for semi-elliptical deep surface

flaws. Detailed information on materials, fabrication, and testing f;

procedures is listed in Sections 3, 0, 4. 0 and 5.0, _espectively.
L

The experimental results are presented in Section 6. 0. lest

results for 2219-T87 aluminum and 6AI-4V titaninm/are grouped " L

according to test temperatureS. Specific informat!_m" on specimen

f, ,/
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dimensions, test conditions and detailed test results are tabulated at

the end of the report. Following the description of each group of

data there is a graphic summary illustrating major trends. The

overall discussion of test results, their significance and applicability

to cryogenic pressure vessel design are discussed in Section 7.0,

followed by Section 8.0 containing conclusions.

The information contained in this report is also released as a Boeing

Document D2-114034-1.

,/
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Z. 0 TECHNICAL BACKGROUND

Following is a brief discussion of the stress intensity equations used

in this investigation and the use of the stress intensity concept in the

evaluation of cyclic, sustained stress and combined cyclic and

sustained stress subcritical flaw growth.
_L

Z. 1 STRESS INTENSITY EQUATIONS

Relationships between stress intensity, flaw size, and nominal stress

1 field have been derived for a number of crack geometries and loading

conditions. In order to predict pressure vessel performance, solutions

;_" for the semi-elliptical surface flaws are uppermost in importance. To

date several approximate solutions are available.

L

Irwin (3) first obtained a solution for a semi-elliptical surface flaw in a

plate and estimated that the solution may be valid for flaws with depth
up to about one-half the material thickness. As part of the Boeing

research and development prograIn (IR&D), Kobayashi t4)" arrived at

an approximate stress intensity solution for deep flaws having small

depth-to-length ratios, i.e., a/Zc values. Smith derived a solution

i for the semi-circular flaw in a semi-infinite body _5)." This solution

provided further refinement of the free surface correction Irwin used

in his equation. As part of the Boeing IR&D program, Smith estimated

what the free surface corrections should be for the semi-eUiptical

(6) He also obtained an
_ surface flaws in a semi-infinite space .

1 approximation oz _he stress intensity for the semi-circular surface

flaws which become very deep with respect to the thickness (6).

, Using the single-edge-notch solution, i, e., a/2c = 0 of Gross, et. al., (7)

and his solution for the deep seml-clrcular flaw, Smith roughly

estimated stress intensity f_tetors for deep surface flaws of intermediate

shape, i.e., a/2c ratios between 0 and. 5 (6).

4
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The experimental evidence obtained to date suggests tt_t:

1) Irwints estimated flaw depth limitation of 0.5t for his
solution is approximately correct;

2) The stress intensity for deep semi-circular flaws can
be reasonably approximated using Smith's solution;

3) The Kobayashi solution for deep flaws provides a reasonable
approximation of the stress intensities for flaws with a/2c
ratios <. 30, but may tend slightly to underestimate the
v_lues for very small a/2c ratios;

4) The Smith estimates for deep semi-elliptical flaws will
overestimate the stress intensities for flaws with small a/2c
zatios, i.e., a/2c <.Z0.

Recognizing the inadequacy of the available stress intensity solutions

for deep surface flaws (particularly for small a/Zc ratios), Boeing

initiated an IK&D program late in 1966 to obtain an analytical (numeri-

cal) solution to provide a better stress intensity value for flaw shapes

ranging in a/Zc from 0 to 0, 5 and for flaw depths approaching the

material thickness, This work is currently being performed and is

scheduled to be completed by fall of 1967,

The stress intensity relationships for the surface flaw obtained by

Irwin, Kobayashis and Smith _re summarized below.

2. I. I Irwin Analysis "

The Irwin relationship (3) for the semi-elliptical surface flaw in a

finite thickness plate is as follows:

K1 = 1.1_ 0 (a./Q) 1/Z (a z cosZ ¢ + cZ si_ z_) 1/4=z (t)

........ , _ i iiii ii ii

* See List of Symbols for definition of terms.

.° /

' , ;t , ,,

'" ::,,.,°" ;' - I . ._ " ;_ '_.....
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The maximum value of K I occurs at the end of the semi-minor axis of

the ellipse and has the value:

K I = Z. 1 ,/'#" o (a/C_) z/z (2)

A plot of Q versus a/2c is shown in Figure 1.

The 1.1 coefficient was an estimate to account for the free surface

effect. The equations were believed to be valid for flaw depths up

to about one-half the plate thickness.

2.1.2 Kobayashi Analysis

For surface flaws that have a small depth to length ratio, i.e., a/2c,

but are deep with respect to the plate thickness, Kobayashi assumed

the following form for the stress intensity:

KI= I'IMK _ (3)

where: MK = MI_ x Mkp

Following Irwin (3), the multiplying constant, 1.1, '.s taken to account

for the effect of free surface on the stress intensitj factor.

Mkf is the elastic stress maffnitication due to deep flaw in an infinite

strip under the conditions cf plane strain.

MkpiS the stress magnification due to plastic yielding in an infinite
plate under _the conditions of plane strain.

A plot of MK, "i. e. Mkf x Mkp . versus a/t is given inFigure 2 for

( O / Oys)_'0.4and 0._, for" V = I/3.

• _ ' ' 6
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2. I.3 Smith Analysis

Smith's (5) linear elastic analysis of a semi-circular surface flaw in a

semi-infinite body resulted in the following stress intensity relation-

ship:

ZoC_-
K I = M 1

This result corresponds to that shown in equations (1) and (Z) except

that the 1.1 free surface correction assumed by Irwin is replaced by

the M 1 coefficient, which is dependent upon location on the flaw peri-

phery (Figure 3) and plasticity correction is not incorporated. From

the figure it can be seen that M 1 varies from about 1.03 at the point of

maximum flaw depth to 1.21 at the free surface. Unlike the Irwin

equation the point of maximum stress intensity is predicted at the

surface rather than at maximum flaw depth. However, for most

materials the resistance to fracture is higher at the surface (i. e.,

higher than the plane strain fracture toughness value), so it is probable

that fracture wiL initiate at a point below the surface where the applied

stress intensity becomes tangent to the fracture toughness value. This

is illustrated schematically in Figure 4.

(5)
For semi-elliptical flaws in semi-infinite bodies Smith estimated

I
the free surface coefficient, M I. This result is shown in Figure 5.

The stress intensity relation thus becomes:

I

K I = M t 4W" 0 (a/Q) l/z 151

whe re:

, 04-,MI= M1 L c c°sZ + " 'L;"?- "

... As seen in Figure ,5 the point of maximum stzess intensity odcurs a_t

i - the point of maximum flaw depth for all flaws with a/2c ratios less
, .°

i

I
i ......... 7

"c_"°" " - II /i '-:..... ,__ ,,, '" "'
<. ' ,_::_- '_/ , ,- , _! ,, , r - "o - -
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than about . 35 to . 40. This is consistent with Irwin's analysis;

however, the magnitude of the free surface corrections are slightly

less than the I. I he estimated. Smith (6) obtained the stress intensity

factors for semi-circular flaws in a finitethickness plate and estimated

the stress intensity factors for semi-eUiptical surface flaws in a plate as

a function of a/Zc and a/t ratios. The resulting relationship is:

K I = M; 1_ _ 0 (a/Q)1/Z (6)

Mklis the finite thickness ( or deep flaw stress intensity magnification)

correction. The lVlk, versus a/t curve for the semi-circular flaw
and the estimated curves for semi-elliptical flaws with a/Zc ratios

of. Z0, . 25 and . 30 are shown in Figure 6.

In the analysis of the uniaxial and biaxial fracture specimen data

obtained in this investigation equation (6) was used to determine stress

intensity values. In the previous cyclic flaw growth investigation of

ZZ19-T87 aluminum and 5A1-2.5Sn(ELI) annealed titanium, equation

(Z) was used to determine stress intensity values. For the majority of

flaw sizes and shapes, i.e., a/Zc ratios between . 25 and . 35 and a/t

values <. 5, used in these two investigations, equations (Z} and (6)

result in stress intensity values nearly the same.

2. 2 SUBCRITICAL FLAW GROWTH

The use of stress intensity factors in the evaluation of subcritical

cyclic flaw growth was presented in the final report on NASA Contract

NAS 3-4194, "The Investigation of Plane Strain Cyclic Flaw Growth

in Thick Walled Pressure Vessels" (8).. Briefly, it was shown that

the total cyclic l_e of a pressure vessel is primarily a function of the

rnaEnitude of the maximum initial stress intensity as compared to

, 8
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the critical value, i.e., the Kii/Kic ratio. This initial stress intensity

is dependent upon the maximum cyclic stress level, O , and the

initial flaw size (a/Q). For a given material, temperature, and load

profile a single Kii/Kic versus cycles curve can be obtained and used

in conjunction with the knowledge of the initial flaw sizes (or maximum

possible size as determined by a proof test) and the applied stresses

to estimate cyclic life.

Because of the difficulty in making direct growth measurements during

plane strain cyclic flaw growth tests, an "end point" approach was used.

In this approach a series of specimens are cycled to failure, the initial

and critical flaw sizes measured off the fracture face, the initial and

critical stress intensities plotted against the total cycles to failure.

Figure 7 shows such a plot for 5AI-Z. 5Sn(ELI) titanium tested in liquid

nitrogen. Several other illustrative and useful ways to plot such data

are possible. One is shown in Figure 8. The applicability of this uni-

axial fracture specimen data to blaxial stress fields (i. e. pressure

vessels) has been demonstrated and the use of the data in predicting

pressure vessel cyclic life, determining nondestructive inspection flaw

acceptance limits, and selecting design factors presented (I) (Z) (8)

(9).

In addition to fatigue it has been shown that subcritical flaw growth and

subsequent failure can occur under conditions of sustained stress (Z)

(10). This growth is often environmentally dependent and has generally

been attributed to either stress corrosion or hydrogen cracking. How-

ever, &t high stress intensity levels this growth can occur in materials

and environments not normally considered susceptible to these mechan-

isms. The cause of this growth is, at present, unknown, but may be

related to high stressed creep fracture of the plastically yielded mater-

ial at the flaw tip, which exists even though the gross stress field is

9
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elastic.

The intent of the effort described in this report was not to determine the

reasons for such growth, but to determine the conditions under which it

can occur and how it affects pressure vessel service performance.

A series of surface flawed fracture specimens with different initial flaw

sizes and/or applied stres _ levels (i. e. different initial stress intensity

values) have been tested to generate curves of Kii or KI./KIc versus time

to failure. Characteristically, it has been found (Z) (10_ that for a

specific material and environment there is a stress intensity level below

which flaw growth and subsequent failure will not occur. This has been

called the threshold stress intensity level (2). Further, it has been

hypothesized that below this level time at maximum stress should have

little or no effect on subcritical cyclic flaw growth rates (Z) but above

the threshold failure could occur in as little as one cycle if the time

at stress was sufficiently long. The key to predicting pressure vessel

service performance is thus the accurate determination of the threshold

level. Early experimental efforts utilized a '_o Failure" threshold

critieria whereby a number of specimens were loaded to various initial

stress intensity levels and held until failure or for some predetermined

maximum time. The threshold level was then selected as the Eli

value just above that level where no failures were observed. This

raised the question of whether or not failure would have occurred had

those specimens, loaded just below the threshold level, been held for a

longer time. In an attempt to eliminate nonconservative estimate of

the threshold level, a "No Growth - No Failure" threshold criteria was

needed. If the flaws remained stationary with time at load there would

be no reason to believe they would grow with much longer times at

load, and the selected threshold level would be safe for use in design

and service life prediction. To prove the flaws did not grow, the speci-

mens that did not fail-during sustained loading were subjected to low

stress fatigue and then pulled to fracture. The fracture face was then

• . L j
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examined to determine any presence of sustained stress growth. This

general approach was used on a number of specimens tested in this

program and is illustrated schematicall 7 in Figure 9.

An alternate procedure for ascertaining any flaw growth is the use of

crack-growth-detection instrumentation during the course of the test

run. Analytical solution of Green and Sneddon (1 I) for the elliptical

crack embedded in an elastic solid, subjected to the uniform load nor-

ms1 to the crack surface and at ir_initys gives an expression for the

crack-opening displacement; it occurs at the diametrical center of

the elliptical crack and is given by the equation

=4 (I -. pZ) oa (7)
Z

By following Irwints (3) procedure to account for the effect of plastic

ylelding in equation (I), the flaw opening displacement for a surface

flaw can be represented as

If _]o is measured and C 1 can be determined, then values of a/

can be computed. In order to achieve this, a strain gage can be placed

over the center of the crack at the face of a surface flawed specimen.

To avoid large local strains, the gage must be left u_houded over

some length. The strain recorded by such a gaf L be proportional

to the flaw opening displacement. Additlonal des _ "ion of the procedure

for detection of flaw growth in establishing threshold stress intensity

levels is given in Section 4. I.

Prior to investigation the authors belleved the 'Mo Faflure" and the 'Sqo

Growth - No Failure" threshold level'S could be the same. That is. if

flaw growth occurred it eventuallylwou_d attain critical size and cause
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fracture. Consequently, any evidence of flaw growth was considered

unsafe. As pointed out in subsequent sections, this no longer appears

to be true. The experimental evidence presented herein suggests that

for some materials "No Failure - No Growth" criteria c;_n be overly

restrictive and the existence of a small amount of flaw _rowth may

not necessarily lead to an eventual failure.

IZ
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3.0 MATERIALS AND FABRICATION PROCEDURES

3.1 MATERIALS

The 5AI-Z. 5Sn(ELI) titanium plate, 0.188 by Z4 by 7Z inches, was

purchased in the annealed condition per AMS 4910. The interstitial

element con:e,_t was not to exceed the follcrwing limits: C = 0.08

max.; N Z = 0.05 max.; O Z = 0. 12max.; H Z - 0.0175 max.; and

Fe = 0.25 max. The minimum yield strength of the annealed

material was set at 100 ksi. The 5AI-Z. 5Sn(ELI) titanium plates

were of the same melting heat and the same rolling hatch. Chemical

composition of the material, as reported by the supplier, was C =

0.0ZS, Fe = 0.15, N Z = 0.009, A1 = 5.0, H Z = 0.006 - 0.007, Sn =

2.2, }vln = 0. 003, 0 2 = 0.08. Vendor test results indicated typical

mechanical properties of the material at room temperature to be

Ftu - 12Z. 5 ksi; Fry = 115.0 ksi; Elong. = 17.0 percent. This
material he_t was designated by the vendor as G-Z8. All 5A1-2.5Sn

(ELI) titanium specimens were fabricated and tested in the annealed

condition. Chemical composition of the titanium plate is shown in

Table 1.

Weld filler wire for welding titanium tanks was purchased per AMS 4953

except that maximum limits for the interstitial elements were set lower

than those of the plate material: C = 0, 01 max. ; N 2 = 0. 007 max. ; 0 2 "--"

0. 063 max. ; H 2 -- 0. 005 max, ; Fe -" 0. 09 max. Chemical compositim,
of the SAI-2.5Sn(ELI) titanium wire is also listed in Table 1.

The Z219-T87 aluminum plate 1.25 x 72 x 120 inches was purchased

per BMS 7-105C (equivalent to MIL-A-8920A ASG) in the T37 solution
heat treated condition, Chemical composition of the material in per-

cent by weish_ was repoz_.ed by the vendor to fall within the following
limits: V=O. 05toO. 15; Zr=O. lOtoO.25; Cu = 5,8 to 6.8; Mn=

1967025688-034



0.20to0.40; Mg = 0.0Z max.; Zn =0°10max.; Ti _0.02to 0.10;

Si = 0.20max°; Fe = 0.05max.; others = 0.05 to 0.15. Mechanical

properties of the material at room temperature in the T87 condition

were 71.4 ksi ulti_ate strength, 58.7 ksi yield strength, and 9.5 per-

cent elongation. This batch of material (8 plates) was designat_, by

the vendor as Lot No. JE 52388-0. The material was used to fabricate

all tank shells and all test specimens designated by AA, CA, and DA

plefixes. Chemical composition of the aluminum plate is shown in

Table 1.

Weld f_'ller wire used to weld aluminum tanks was 0. 063 inch in dia-

meter and was purchased per BMS 7-75B Type II (equivalent to

ASTM B-Z85-Z1T, "Tentative Specification for Aluminum and

Aluminum-Alloy Welding Rods and Bare Electrodes". Chemical

composition of the 2319 aluminum wire is also given in Table 1.

Several aluminum specimens were fabricated using remnants of the

material used on the NA5 3-4194 program, These specimens were

identified with a "C" prefix Mechanical properties of the lot, as

reported by the vendor, were 24.6 ksi ultimate, 12.3 ksi yield strength,

and 17.6 percent elongation in the annealed condition and 58.7 ksi

ultimate, 39.0 ksl yield strength, and II. 0 percent elongation in the

T62 condition. Chemical compositicn of the material was within the

same limits as Lot No. JE 52388-0, shown in Table 1. Mechanical

properties of the material at room temperature in the T87 condition

were Ftu = 69. 5 ksij Fty = 56.5 ksi, and 15 percent elongation.

r Toward the end of the program three specimens, designated by "AC"

prefixes, were fabricated from the 2219-T87 plate used on the program

in support of the evaluation of Satulm.S-IC tankage materials (Ref, !2).

Chemical composition and properties ofthat material batch were "also

within the BMS 7-105C specification. MecharJ.cal properties o_the_ -

14 -
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material in the T_? conaition were Ftu = 59. 2 ksi, Fry = 57.3 ksi.

3.2 FABRICATION PROCEDURES

3.2.1 Uniaxial Test Specimens

Smooth tensile specimens used for determining mechanical properties

of the annealed 5A1-2.5Sn(ELI) titanium are shown in Figure 10.

Surface-flawed specimens used to determine sustained and cyclic flaw

growth characteristics of the titanium at -320°F and -423°F are

shown in Figure 11.

Smooth test specimens used for the determination of mechanical proper-

ties of the 2219-T87 aluminun_ are shown in Figure 12. Surface-flawed

specimens 0.6-inch thick are shown in Figure 13. The 0.6-inch-thick

specimens were fabricated from the 1.25-1nch-thick plate to provide

uniaxial test specimens of the same thickness as the shell walls of the

i test tanks. The material used for fabrication of specimens was cut

into specimen blanks, then heat treated from T37 to T87 condition.

3
AU initial flaws in titanium and aluminum surface-flawed specimens

were prepared by using an electric discharge machine (EDM) to intro-
duce initial flaws with a terminating radius of less than 0. 003 inch. The

EDM flaws were then extended under low stress tension fatigue. The

maximum cyclic stress level used on 5A1-2.5Sn(ELI) titanium specimens

was 40 ksi, and for the surface-flawed 2217-T87 aluminum, from 15 to

20 ksi. The number of cycles required to extend the initial flaws varied

from specimen to specimen, depending upon the initial flaw size, but

was usually between 3 and 90 thousand cycles for titanium and between

4 and 25 thousand cycles for aluminum. The specimens were cycled

at 700 to 1200 cycles per minute.

15
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Low stress fatigue extension is considered part of specimen preparation

for testing and is assumed to have no effect upon measured fracture

toughness of flaw growth characteristics of either material (Reference

1).

3. Z. 2 Biaxial Test Specimens (Cylindrical Tanks)

Sustained flaw growth characteristics of 5AI-2.5Sn(ELI) titanium under I{

biaxial loading conditions were determined at -423"F using 15-inch-

diameter cylindrical pressure vessels shown in Figure 14. Extension !i!
of thu EDM flaws was initially scheduled to use low-stress cyclic

pressurization of a complete tank at room tc_rnperature. Howeverw due _

to premature titanium weld-metal failures encountered during the course 1!_.

of the NAS 3-4194 programm the EDM flaws were extended by low-stress .

flexing of shell sections. Basic weld settings using a gas tungsten arc i il

(GTA) welding process are shown in Table 2. All weldments in titanium

tanks were left in the as-welded condition. Shell thickness of the _i

completed tanks was reduced from , 200 to about . 170 inch by chem-

milling. 1_

Sustained flaw growth characteristzcs of 2219-T87 aluminum under _L

i biaxial loading conditions were determined using 1 ?-inch-diameter
I

2219-T87 aluminum tanks shown in Figure 15, Aluminum plate used

' for fabrication of the l?-inch-diameter test tanks was break-formed to _

': make shell sections with 9, 38 internal radius and 30-inches long, The
f

shell sections were trimmed to sizep then welded using GTA welding .

process, The basic weld settings are shown in Table 2. The weld edge

prepara¢i_s are shown in detailed views in Figure 15, The completed

shell was then aged to T87 condition,

initial EDM flaws in the 2219-T87 test tanks were extended by

/
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pressurizing the entire tank with _._p water at a cyclic frequency of

about 20-25 cycles per minute. As the first of the aluminum tanks

was tested immediately after the EDM extensions it was discovered

that the materi_l had delamlnated during final phases of the EDM

extension. The ED_I extension was done at 18.3 ksi heop stress. In

the second tank_ the EDM was extended by cyclic pressurization at a

i / lower (15.9 ksi) hoop stress. Fractographic examination of the secondJ

tank also re_ _ _.d a sizable delamination formed during the EDM

extension.

The problem of delarnination was successfully resolved on the third and

1 fourth aluminum tanks by local submergence of EDM flaws in liquid

nitrogen during low-stress cyclic extension of the EDM flaws.

Thermal stresses locally induced by temperature differential in the

shell of the tank were about 4-5 ksi hoop stress, permitting reduction

of hoop stresses. EDM flaws in both tanks were extended by such

pressure-cycles; both had good fatigue extension with no delaminations.

f

J

J /,
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4.0 EXPERIMENTAL PROCEDURE

4. 1 UNIAXIAL SPECIMENS

All room-temperature specimens were tested in ambient atmosphere

in an enclosed building with temperatures ranging between 65 and 85°F.

A strain rate of 0. 005 in./in./minute was used on all smooth tensile

specimens until the material yield strength was reached. A strain rate

of 0.0Z in./in./minute was then used for the remaining portion of the

loading sequence until failure. Static fracture toughness specimens

were pulled at a rate needed to precipitate a complete fracture within 1

to 3 minutes after initial application of the load. The same loading rates

were also used for liquid nitrogen (-320"F) and liquid hydrogen (-423°F)

testing.

The -3Z0°F and -4Z3"F tests were conducted in liquid nitrogen and liquid

hydrogen environments, respectively. The liquid nitrogen was introduced

into a wrap-around cryostat to keep the gage area of each specimen com-

pletely submerged during the entire test sequence. The -4Z3"F tests

were conducted in a similar manner, except that the entire specimen

including grips was submerged in liquid hydrogen.

The sustained load testing was done by subjecting surface-flawed

specimens to a target stress level, then leaving the specimens under

the load for a specified period of time or until failure. Each fractured

specimen was dried with hot air, then protectively wrapped to preserve

it for fractographic analysis and flaw size measurements. Some speci-

mens that did not fail under sustained loading after times ranging from

a few minutes to several days were "marked" by subjecting them to low

stress fatigue similar to initial EDM extension except at slightly higher

stress levels. Purpose of the "marking" was to introduce a differently

textured fatigue area around the periphery of the flaw and thus, upon

18
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subsequent fracture, be able to determine the extent, if any, of sustained

flaw growth. Marking of the specimens was done usually at the same

temperature and in the same environment used for sustained load testing.

Exceptions were specimens tested at -423°F in a liquid hydrogen environ-

ment and several specimens tested at room temperature and at -3Z0°F.

Several specimens were tested under sustained loading at room temper-

ature but were marked at -320°F. This was done to see possible differ-

ences in flat growth indications as a result of different marking techniques.

Subsequent to marking, the specimens were either pulled to failure, then

examined, or subjected to still another test run under sustained load. In

some instances this was repeate3 _wo or three times resulting in several

test runs on the same specimen. In other specimens multiple test runs

in the same specimen were conducted without intermittent marking but

rather by raising the load level after a period of time.

A series of titanium and aluminum specimens were instrumented for

detection and measurement of flaw opening displacements during the

test run. Essential elements of such instrumentation excluding

recording equipment are shown in Figure 16. The single strand wire

gage was bonded with Duco or Mithra ZOO cement on each end. The gage

sensitivity was determined from the gage resistance, It, gage factor K,

resistance change, _R, and strain using conventional relationship of

= AR/RK. Flaw opening measurements were made using standard

readout systems such as BLH $114 indicators as weU as X-Y plotter

systems that were _ It calibrated. Since no evaluation of the gage

systems with partially unbounded lengths were made for sustained

load applications in cryogenic environments, it was decided to limit

presentation of the data to qualitative indications of the increase of

resistance as a function of load without calculating actual opening in

terms of micro-inches. Test sequences on all instrumented specimens

followed the same general pattern used for the non-instrumented

specimens. "

19
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The combined cyclic-sustained testing was done by modifying the O-100-0

trapezoidal loading profile used on NAS 3-4194 program, The modification

consisted of an increased hold time at maximum load from 15 seconds to

2.5 and 30 minutes, respectively. The trapezoidal loading profile was

generated by dividing each cyclic period into four equal parts. The first

part was spent in going from zero load to maximum load; the second in

holding the specimen at maximum load; the third in unloading; and the

fourth part at zero load.

! In addition to the specimens tested under modified trapezoidal loading,

selected specimens were tested at cyclic frequencies of 34, 5, and Z

cycles per minute. The load profiles in 5 and Z cycles per minute were

essentially trapezoidal, but the 34 cycles per minute profile was generated

by the sinusoldal load programmer. A11 cyclically loaded specimens

were tested until failure. Fractured specimens were protectively

I wrapped and subjected to fractographic analysis and flaw size measure-
ments.

:i
Fractographic technique used for flaw size measurement has been developed

during the experimental effort sponsored by the NASA Lewis NAS 3-4194

program (Reference 8) and essentially consists of a beam of white light

passing through the first polaroid filter, which is positioned so that its

plane of polarization is parallel to the upper edge of an optical glass

reflector. Light transmitted through the first filter is plane-polarized

and reflected from the glass plate vertically downward on fracture speci-
mens without rotating the polarization plane. Upon striking the specimen

1 surface, some of the plane-polarized light rays are reflected under a

1 shallow angle with respect to the horizontal plane and are scattered

I outside the optical axis of a caznera. Others are reflected upward0

j pass through glass plate without rot_tic_, and then are cross-polarized

by the second polarising screen. Still other rays st_fl_e the somewhat

obliquely oriented fiat surfaces and are reflected upward with resultant

]
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rotation of the polarizing plane. These rays pass more readily through

the second polarizing plate and are recorded on the film. The degree of

shading or contrast attained is apparently a measure of relative density

and distribution of reasonably fiat and obliquely oriented surfaces.

Initial and critical surface flaw dimensions were determined directly

from fractographs showing outlines of initial and critical flaw regions.

Depth of the flaws (a-dimensions) were measured directly from the

fractograph. Flaw lengths, due to flaw shape irregularities, were

calculated first by planimetering flaw area, then calculating the surface

flaw length (Zc-dimension), assuming the shape to be truly elliptical.

Static fracture toughness (Kic) and applied stress intensity levels for
all specimens were calculated Using equation (6).

4. 2 BIAXIAL SPECIMENS (CYLINDRICAL TANKS)

Sustained testing of cylindrical tanks was done by pressurizing a given

test tank to a desired hoop stress and holding at that pressure for a

predetermined period of time or until failure. A schematic diagram of

a pressure and control system used for room temperature testing of

aluminum tanks is shown in Figure 17. Testing of the aluminum tanks

at -423°F was done using two different pressure systems. One system

utilized a cryogenic pump of Z0 gallons per minute pumping capacity at

6000 psi outlet pressure; the other, hiKh pressure helium bottles.

Schematic representation of the two systems is shown in Figures 18

and 19, respectively.

Care was exercised to protect fracture surfaces from staining or other

damage that would obscure evidence of flaw growth. Each aluminum

tank had two identical flaws, , .Titan lure tanks were fabricated earlier

' and contained only one flaw each, but each flaw was the same shape and

size, Flaw marking in the tanks, whenever the tank did not fall during
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the test, was accomplished by subjecting each tank to a repeated

pressurization at relatively low pressure levels. Marking of some

flaws was done by removing a portion of the shell _ontaining surface

flaw, straightening adjacent regions or by welding straight extensions

when necessary. The flaw-containing portion of the shell was then

marked as ifitwere an ordinary uniaxial surface-flawed specimen.

i Subsequent to marking the portion of the shell was pulled to failure

to expose fracture faces for fractographic examination.

ii:
-_ One aluminum tank, after burst at l_)wer than expected pressure level,

!i was sectioned to determine fracture toughness of the shell material and

_.lli to compare it with the uniaxial data. A portion of the material was cut

from the shell, straightened (except for about one inch in the middle),

i and a surface-flawed specimen machined from it. To eliminate thet

curvature and yet not introduce residual stresses, thickness of the

I entire specimen was machined down from 0. 60 to 0.4 inch. The

specimen was then EDM flawed, fatigued, and pulled to failure at

!I -320"F in the usual manner.

_| Creep characteristics of the 2219-T87 aluminum and 5AI-2.5Sn(ELI)
U titanium were spot-checked by testing standard creep specimens at

room temperature in ambient air and at -320°F in a liquid nitrogen

II environment. The creep data was generated only to the extent necessary

for comparison of the behavior of the two materials under sustained load

I in the absence of an artificial flaw.

I}

I1
[1
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5.0 TEST RESULTS

i 5.1 ZZlg-T87 ALUMINUM TEST DATA

i 5. 1.1 Mechanical Properties and Static Fracture Toughness

t

! Mechanic&' roperties of the ZZ19-T87 aluminum plate were determined

[ l at room temperature, -3Z0°F and -423°F in ambient air, liquid nitrogen,
and liquid hydrogen environments, respectively. Two smooth tensile

specimens were tested at -423°F and one each at -3Z0°F and at room

temperature. All specimens were pulled in the long transverse grain

direction, i.e., the plate rolling direction was transverse with respect

to the longitudinal axis of the specimens. Table 3 lists ultimate strength,

0.2 percent offset as well as 0.0Z percent offset yield strength, elongation

in 2.0 inch gage length and percent reduction of area. The results are

plotted in Figure 20 as a function of test temperature and compared with

i similar data generated during the course of NAS 3-4194 program.
(Reference 8). Solid lines in Figure 20 are dlrect17 abstracted from

i| the NAS 3-4194 final report NASA CR-54837.
J_L

Static fracture toug}mess ol 2219-T87 aluminum was determined at room

!_ temperature, -3200F and at -423°F. Three surface-flawed specimens

were pulled at each temperature. All specimens were pulled in the long

!_ transverse grain direction. Specimen dimensions, flaw sizes, and
calculated fracture toughness values are !isted in Table 4 for all three

{_ test temperature. The results are plotted in Figure 21 and compared
with similar data generated during the course of NAS 3-4194 program.

The solid line in Figure 21 represents static fracture toughness values

reported in the NAS 3-4194 final report.

U
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5.i.2 ZZI9-T87 Aluminum (Sustained Flaw Growth at Room

Tempe rature)

Sustained flaw growth characteristics of 2219-T87 aluminum at room

temperature were investigated by testing five groups of specimens.

The Group I test series was designed to provide information on sustained

stress threshold level; Group II, tc verify that information by testing

specimens for prolonged periods. Test specimens in Group IIIwere

used to generate data with shorter ho._d time at sustained stress.

Group IV specimens were used to check the effect of flaw marking

techniques. These specimens were marked at -3Z0°F ratl-_er than at

room temperature. Finall 7, Group V test specimens were instrumented

for detection and measurement of the flaw opening displacements.

5.1. Z. 1 Group 1 (Room Temperature}

A total of ten specimens were tested. Specimen dimensions, test con-

ditions, and flaw size measurements are listed in Table 5, Group I

section. The make-up of the table is typical for all aluminum fracture

toughness spec: hens and consists of 14 majo: he_ings. The first four

list specimen i,'_ntification number, specimen size, conditions of CTClic

extension of the EDM flaws, and flaw size before the test run. The

fifth shows conditions of the sustained test run in terms ui temperature,

maximum stress level, time in hours at maximum stress and applied

stress intensity level K, as calcl_lated at the point of maximum flaw

: growth. Th_ distincticm was necessitated t y the fact that in some

specimens the extent of flaw growth was largest in the direction o.her

_ than the maximum depth: i.e., a _ 0.

Flaw size after the test run, angular direction of maximum flaw growth,

a s actual flaw growth increment as measured perpendicularly to the
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flaw curvature at the point of maximum flaw growth and the calculated

K level at _hat point are shown under the sixth heading. Conditions of

flaw marking_ flaw size after marking and fracture stress at failure

are shown under the next three headings.

The next four columns list K_c values calculated at the point of maxi-

_ mum flaw depth along minor axis, " e., a = 0, KlcValues at a _ 0,

Kii/Kic ratio of initial to critical stress intensity calculated at the

t i_ beginning of the test run, and Kif/Kic ratio of stress intensity calculated

at the point of largest flaw growth increment at the end of the test run,

' t i.e., using fh_al _imensions of the flaw. The last column shows symbols
I

used to represent corresponding points in the graphic presentation of

the results.

5.1.2. Z Group II (Room Temperature)

This group consists of two specimens subjected to sustained loading for

a prolonged period. Pertinent specimen and flaw dimension as well as

test conditions are listed in Table 5, Group II section. One specimen

was held at the load for 123.7 hours, the other for 115.6 hours.

J
5.1.2.3 Group HI (Room Temperature)

]
These specimens were tested to provide greater variation of timc at

:] sustained loading. Detailed information pertaining to specimen
J

dimensions and test conditions is shown in Table 6, Group HI section.

Make-up of the table is identical to Table 5. The material used to fabri-

, cate all specimens except specimen No. CA-44 came from a portion of a

) plate used in NAS 3-4194 program. Hold time at maximum stress

covered a range from O. 02 to 30.0 hours.
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5.1. Z. 4 Group IV (Room Temperature)

This group was added to the program after it was discovered that

n_arking at -320°F eliminated some flaw growth indications produced

b/marking at room temperature for stress intensity levels below

22. C ksi f_. Test results for this group of specimens are listed

in Tabl¢ 6s Group IV section. These specimens were flaw marked

at -320°F.

5.1. Z. 5 Groul: V (Room Temperature)

These specimens were tested to generate flaw opening displacement

data that in turn could l_e related to the flaw growth. The results are

summarized in Tablc 7, Group V section. Table make-up is the same

as those precedjzAg. Specimen CA-34 was loaded to progressively

higher stresses until flaw opening continued to increase without

correspon'Sing increase of stress level. The loading was then stopped

until flaw growth (increase in flaw opening) ceased. Four such runs

were made initially covering stresses of _7.9, 3Z. 5, 32.2, and 41.8

ksi. The fourth run continued for 18.7 hours; the specimen was then

unloaded a_ld marked at room temperature. During the four runs of

0.4, 1.1, 1.3, and 18.7 hours, the flaw increased by 0. 01_ inch.

Summary of the flaw opening displacement indications for the 18. 7 hour

run is shown in Figure 7Z. In the column of "Flaw Size After the Test

Run" under "Flaw Depth", a flag note _ indicates that incremental

flaw growth for individual test runs could not be readily established,

After marking, the specimen once again was .subjected to sustained

load testing under progressively higher stress levels. After the final

test run at 43.1 k_i for 0.2 hour, the specimen broke at 43.7 ksi in

an effort to reach 44. 4 ksi stress level.

+ z6
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A second specimen (DA-33) was similarly tested Lu two sequences. A

complete set of graph c_arts for flaw openh_g versus time to failure

records for the first test sequence is shown in Figures Z3 and 24. The

sequence was started by applying load at ten percent increments of the

full scale deflection and allowing a minute or two waiting period to mark

position of the pen on the chart. The purpose of incremental loading
i

was to check linearity of crack opening as a function of load level, As

a load corzesponding to the load index value of 70 percent was reacheds

the flaw opening continued to increase while the load remained at a

steady level of 70 percent. Suspecting possibility of a gage creeps the

, load was dumped to zero; in about ten minutes the specimen was re-

loaded to 70 percent. The gage stretched plastically during the first

loading sequence to 70 percent and did not react to increasing loading

until 60 percent level was reached. At 60 percent level, the strain-

load relationship did not appear to have been impaired by prior plastic

stretching of the gage as judged by the same span between 70 and 60

percent level indications during the second load sequence. The record-

ing pen was reset to the original zero and the load was raised to a new

target value of 75 percent (full deflection of 100 percent corresponds

in this case to 260, 000 Ibs. load). The specimen was then left at that

load for 16.6 hours, after which it was unloaded and marked by

subjection to 2,000 cycles at 32. I ksi stress level.

Strain gage output versus time for the second test sequence (after the

cyclic marking) is shown in Figure 25. As seen from the load index

numbers on the tracej the gage did not respond until 60 percent load

index number was reached. Upon reaching the 70 percent level the

strain gage output between 60 and 70 percent was smaller than a

corresponding increase from 60 to 70 percent during the initial load

sequence (see Fig-are 23). The increase in load to 78.2, th_ to 80. 3

percent load index value resulted in continued increase of flaw opening.

The sDacimen was left at that load until fracture.
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5. I.Z. 6 Data Analysis for Z219-T87 Aluminum at Room Temperature

The combined test data generated for the ZZl 9-T87 aluminum at room

temperature is plotted in Figure Z6 in terms of Kii/Kic ratio versus time

to fracture or at sustained load. All specimen test runs are divided in-

to four categories: those that did not failand showed no evidence of flaw

growth; those that did not failbut had small amounts of flaw growth

followed by apparent arrest ; those that did not failduring the test run

but exhibited appreciable amounts of flaw growth in the manner preclud-

ing certain arrest; and those that failed under the sustained loading.

The No-Failure threshold 9tress intensity ievel was established by

visually fitting a curve to separate data points representLng sustained

load failures and flaw growth with no apparent arrest from the specimens

exhibiting small amounts of flaw growth with subsequent arrest as

well as specimens with no indications of flaw growth. The No-Growth

threshold level line was drawn to separate the latter two categories of

specimens, i.e., those showing no flaw growth and those showing some

flaw growth with subsequent arrest.

The distinction between arresting and unstable flaw growth in ZZ19-T87

aluminum at room temperature is illustrated in Figure Z7 by plotting

the data in terms of _/Kic ratio versus time to failure or at sustained

load. The main difference in this manner of presentation as opposed to

that in Figure Z6 is that the _/Kic ratio reflects changes in applied

stress intensity level as a result of flaw growth during the test run.

At the beginning of the test run the H_/KIc ratios are calculated using

KIi; at the end of the run the _/_c ratios are Calculated by using Kif
to reflect h_crease in stress intensity due to the flaw growth. The

progressive increase in stress intensity is tracked by grouping speci-

i._ mens with nearly identical initial stress intensity levels and following

the best-fit line through their respective terminating KIf/KI¢along

points. In several instances direct flaw opening measurements were

1
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ava_lable to assist in shaping the lines. The No-Failure and the No-

Failure - No Flaw growth threshold stress intensity level lines were

_ then drawn to separate corresponding groups of specimens and provide

substantiation of the similar grouping shown in Figure Z6. See Section

:i_ 6.2.1 for detailed discussion of results shown in Figures Z6 and 27.

5. I.3 zzig-T87 Aluminum (S,istained Flaw Growth at -320°F)

IL Sustained flaw growth characteristics of 2Z19-T87 aluminum at -3Z0°F

'_-_ were investigated by testing four groups of specimens: Group I speci-
mens were used to establish threshold stress intensity level; Group II

to verify threshold stress intensity level by subjecting specimens to

j sustained loading for prolonged periods. Effect of initial flaw extension

technique upon sustained flaw growth was checked with specimens of

I Group HI; Group IV specimens were instrumented for detection and

measurement of flaw opening displacements.
B_

.I
" I 5.1.3.1 Group I (-320°F)

)

A tots/ of nine specimens were tested. Specimen dimensions, test con-

I ditions and flaw size measurements are listed in Table 8, Group I

section. Initial stress intensity values _ii) were calculated for all

specimens at the point of maximum flaw growth, values were calculated½
including the extent of flaw growth during the test run. KIc values were

] calculated only for the specimens deliberately pulled to failure. In oth,_r

_J cases average _c value for the material was used.

J

5.1.3.2 Group II (-320°F)

Two specimens were tested in this group: CA-40 acd CA-48. Test results
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are listed in Table 8, Group II section. Specimen CA-40 was held at

maximum load of 43.3 ksi for lZ0.0 hours. The flaw was then marked

and the load increased to 48.7 ksi. The specimen failed after 0.2 hour

at that load. Specimen CA-48 was he_d at a maximum load of 37.9 ksi

for 1Z5.1 hours, then marked and pulled to failure, h_arking of both

specimens was done at -3Z0°F.

5.1.3.3 Group HI (-320°F)

Test results are listed in Table 9, Group IIIsection. Specimen AC-7

had prior load history at room temperature. (See Table 6, Group IV

data). At the end of room temperature test run this specimen was

marked at -3Z0°F, then subjected to sustained load at -320°F. The

initial flaw for the -3Z0°F test run was initiated at -3Z0°F. It is

assumed that prior exposure to sustained load at room temperature

affected only the region that was subsequently traversed by the -3Z0°F

marking. Specimen AC-7 was subjected to stress intensity at Z6.9 ksi

for one hour, then marked and pulled to failure at -3Z0eF. No

indication of any flaw growth was present. Specimen AC-? was subjected

to two test runs of one hour each. The first run was at _i of 2Z. 7 ksi

_and the second at _i of 31.1 ksi_I_. After the second test run_

the specimen failed during cyclic marking at -320°F with the flaw almost

ccrnpletely growing through the thickness.

! 5. I. 3.4 Group IV (-320°F)
i

i
Both specimens in this group (AA-59 and DA-36_ Table 90 Group IV

!

! section) were instrumented for detection and measurement of flaw
opening displacements during sustained load test runs. Single wire

strain gages in both specimens were applied to provide a slack in the

30, _
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unbounded portion of the gage. In this manner the extent of plastic

straining of the gage d_::°ing testing was reduced. Flaw opening curves

for both specimens are shown in Figure 28.

Specimen AA-59 had the largest flaw and was subjected to lower stress

levels. The loading was done in three increments of 5 percent total

scale deflection. Upon reaching load index of 59.1 percent the speci-

men was leftfor 0.37 hour. As the flaw remained stable, the load was

raised to 60.9 percent of 38.6 ksi level. The specimen was leftat that

load for 16.0 hours, then the load was raised to 39.6 ksi as itappeared

that flaw remained stationary (no increase in flaw opening). After 0.4

hour at that load the flaw still appeared stable and the load was raised

once more, now to 40.6 ksi, or a load index of 64. 0. The flaw opening

began to increase rapidly and the specimen failed within 30 seconds.

Specimen DA-36 had a considerably smaller initial flaw th_n specimen

AA-59. In order to generate the same initial stress intensity of about

38 ksif_ the specimen was stressed to a high stress level of 56.3 ksi.

The specimen was loaded in two stages_ first to 80 percent index level

in increments of I0 percent. Due to deliberately introduced slack in

the single gage wires the gage did not respond until a load value of 60

percent was reached. Upon reaching the 80 percent level the load was

dropped first to 70j then to 60 percent levelw then raised in several

increments until 88. ? percent level was reached. Immediately upon

reaching that loads the flaw opening displacement increased at a

gradually faster rate until the specimen failed under sustained loading

at the end of O. 3 hour.

5. 1.3.5 Data Analysis for 2219-T87 Aluminum at -320°F

The combined test data generated for the _219-T87 aluminum at -320°F

L
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is plotted in Figure Z9 in terms of Kii/Kic ratio versus time to failure
or at sustained load. The -3Z0°F test data are divided into four cate-

gories with respect to the extent of flaw growth, just as were the room

temperature data points. The No-Failure threshold stress intensity

line is drawn below data points depicting failures and flaw growth with

no apparent arrest. The No-Growth threshold stress intensity line is

drawn between data points for small amount of flaw growth with sub-

sequent arrest and data points with no flaw growth indications. Included

in the figure is a sustained load test data point obtained usin_ a 35-inch

diameter pressure vessel iv. the course of the material evaluation for

Saturn S-IC tankage on NAS 8-5608 program.

The arresting and unstable flaw growth in 2219-T87 aluminum at -320°F

is illustrated in Figure 30. The plot is similar to the one used to repre-

sent room temperature data in Figure 27. The Ki/I_c ratios are
calculated at the beginning and end of each test run. The No-Failure

threshold level is established by separating test rune with unstable

flaw growth from the ones that were stabilized. Test results generated

during the course of the Saturn S-IC program are also included.

5. I. 4 ZZlg-T87 Aluminum (Sustained Flaw Growth at -4Z3°F)

Sustained flaw growth characteristic of ZZIg-T87 aluminum at -4Z3°F

were investigated by testing two groups of specimens. Specimen

dimensions, test conditions and flaw sizes for both group_: are listed

in Table I0. The Group I specimens were tested to detezmine the

threshold stress intensity level. Initial flaw depths for different speci-

mens varied from one third to one ha_If the specimen thickness. Duration

of test run for each specimen in this group was between I0 to 12 hours.

All specimens were marked and pulled to failure at room temperature.

With the exception of specimen CA-45. static fracttlre toughness, as

, ,,, ,

1967025688-055



measured in the specimen after exposure to sustained loading at -423°F,

was very close to the average room temperature value. Examination of

specimen CA-45 revealed a sizable delamination a_ the tip of a flaw

apparently formed during flaw marking. Fracture face of this specimen

was photographed using ordinary illumination and is shown in Figure 31

together with a cross section view of the specimen. The high value of

39.7 ksi_'apparently was caused by delamination at the tip of the flaw.

Specimen DA-18 was the only specimen tested in Group II. The initial

flaw was deeper than expected, thus generating a stress intensity of 37.8

i ksi_ or 86 percent of the KIc. The specimen was unloaded at the end
of 44 hours, marked, then pulled to failure. There was a flaw extension

of 0. Ol 0 inch.

5. I. 4. I Data Analysis for Z219=T87 Aluminum at -423°F
J

I The available test data for the 2219-T87 aluminum tested at -423°F
are plotted in Figure 32 in terms of _i/Kic ratio versus time at

maximum load. The same data are plotted in terms of KI/KIc ratio

using KI values at the beginning and Kif at the end of each test run in

Figure 33. The No-Failure and the No-Growth - No Failure threshold

stress intensity levels were estimated to fall at 87 and 75 percent_

respectively. The two points at about 88 and 89 percent of the Klc

value were cow, sidereal to represent unstable flaw growth although
J

increase of the flaw size in these specimens was not rapid enough

i to preclude arrest i_: the test sequence was continued for a longer period.

5.1.5 2219-T87 Alumimm_ (Combined Cyclic-Sustained Flaw
Growth at -320°F)

This work was done with the intention of combining cyclic flaw growth data

(
%

i,33

' _

i
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obtained in previously concluded NAg 3-4194 program (Reference 8)

with the sustained flaw 3rowth data generated on this program. Speci-

mens were tested under cyclic loading but with different hold time at

maximum stress level. The purpose of the test was to show that if

hold time at maximum load is varied and the specimens in question

are subjected to s_ress intensity below the threshold level, there will

be little if any effect _pon cyclic life. If, on the other hand, sim£_ar

specimens are subjected to stress intensity above the threshold stress

intensity level, there will be a significant effect upon cyclic life. Two

groups of specimens were tested for this purpose. The first group

was subjected to stress intensity levels below the threshold level; the

other, above.

5. I. 5. I Group I (Cyclic-Sustained at -320°F)

• This group consisted of six specimens. Specimen dimensions, test

conditions_ and flaw size measurements are listed in Table II, Group I

section. Specimens AA-SOj -55j and -8 contained deep initial flaws

(about 50 percent of thickness) an(; were cycled at rela_vely low stress

levels. Specimens DA-29, -20_ and -30 ha(] shallow initial flaws _bout

25 percent thickness) and were cycled at somewhat higher stress 1¢svels.

Since all specimens in this group were targeted at stress intensity levels

below the threshold value, cyclic IHe was expected to be comparable to

the values generated in the NAg 3-4194 program._Z

5.1.5.2 Group II (Cyclic-Sustained at -320°F)

A total of nine specimens were tested. Specimen dtrnensions, test

conditions, and flaw size measurements are listed in Table 11, Group II

section. Five specimens coded with an AA prefix contained d_,p flaws

i and were subjected to relatively low but considerably higher stress
1

i 34
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levels than those applied to comparable specimens in Group I. The

resultant stress intensity levels were to be higher and the specimens,

while uilder cyclic loa&ing with prolonged perio_ of time at maximum

stress levelsw were expected to fail sooner. Specimens coded with the

DA prefiJ¢ contained small flaws and were subjected to higher stress

lee l:. Likewise, they were expected to fail sooner than comparable

specimens in Group I. Specimen AA-57 was a rerun of specimen AA-53.

Due to mal£unc_ion of equipment, specimen _A-53 received several over-

loads during cyclic testing and was deliberately pulled to failure at the

end of 48 cycles. All remaining specimens failed under cyclic loading

at -320°F.

5.1. S. 3 Analysis c Combined Cyclic-Sustaine_ Test Results for
2219-T87 Alur_inurn at -320°F

The combined cyclic-sustained flaw growth data for the 22"9-T87

aluminum at -320°F are plotted in Figure 34 in terms of Kii/Klc

ratio versus cycles to failure. The Klc value used in calculation_ is
the average fracture toughness of 41.8 ksifi_ as determined earlier

by testing three static test specimens at -320°F. The Kii values were
computed using equation (6)_ except that in place of depth correction

__MI_an average value 1/2 (M_c__+ __MI:i) was used. In thisfactor manner.

cyclic life of specimens with deep fl_ws was compensated for the effect

of flaw depth and could be compared with cyclic life established for

with shallow flaws. Th_ M_ factors also should have beenspecimens

wit_ tha average v_ue I/Z ___Je + h_i)" However, as is evident

db

replaced

in Table 11, the a/2c values were chansing very little as the flaw

increased in depth until critical value was reached; and since MrS

is a function of the a/2c ._tio orgy for a : constant (in this case a : 0),

the L_ calculated for initial flaw size was considered sufficiently

accurate for use on deep flaws.

3S
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The solid line passing through t_le point on the ordinate corresponding

to Kii/Kic ratio equal to one in Figure 34 and extending to the right

into 5000 cycles region has been directly abstracted from NASA CR-

54837. This line represents cyclic _law growth data generated on

NAS 3-4194 using shallow-flawed 2219-T87 aluminum specimens tested

at -3Z0eF. The data points shown in Figure 34 represent information

obtained on the present program. The time at maximum load is depicted

by the symbols noted in the legend. The threshold stress intensity line

is drawn just below the points departing from the solid line as a result

of longer hold time at maximum load. One exception is specimen

DA-28 with considerably shorter life than could be expected, since

time at maximum load was only 0. 007 minute. Fractographic exam-

ination of specimen DA-28 and a thorough review of loading record

failed to reveal any discrepancies that would explain shorter life span.

The same combined cyclic-sustained flaw growth data is represented

in a somewhat different way in Figure 35. This data is plotted in

terms of applied stress intensity _i as listed in Table II versus
actual-to-calculated cyclic life ratio. Actual cyclic life in number of

cycles to failure was taken directly from Table 11. The calculated

cyclic life was derived by using cyclic flaw growth ratesj as established

and reported previously in the NAS 3-4194 programj and initial and

critical flaw dimensions as measured on specimens tested on this

program. Cyclic life was calculated as fallows:

|

Each region of cyclic flaw growth from initial to critical value was

divided into equal parts; in this cases five increments were used.

For each increment an average _i value was calculated using equation

(6). _ applied stress level was close to the 45 ksij as in specimens

;h
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DA-Zg, -Z6, and -30, the average flaw growth rate [d(alQ)/dN in

- inch per cycle] for that increment of flaw growth was taken directly

from Figure 62 in NAS 3-4194 final report NASA CR-54837. Knowing

the A(a/Q) for the increment, a total number of cycles ( A N)

required to traverse that distance for a given Kii stress intensity level

was calculated. The process was repeated for the remaining incre-

ments and total calculated cyclic lifefor the specimen was arrived at

by adding all A N quantities.

In cases when applied stress levels varied widely from the one used

in establishing Figure 62 0NAS 3-4194 report), cyclic flaw growth

data as reported in CR-54837 for ZZI9-T87 aluminum at -320°F

under 0-100-0 cyclic loading profile was recalculated to get flaw

growth rates (d/dN of a/O in micro-inches per cycle) for a correspond-

ing stress level. The reasons for doing so are discussed in Section

6. I.3 of the NASA CR-54837 report (Reference 8). Resorting to this

technique, itwas possible not only to account for the effects of deep

flaws but also to compare actual flaw growth rates with those obta_'_ed

from the end-point-analysis of NAS 3-4194 data. The threshold stress

intensity line is drawn just below the points exhibiting significant

departure from the calculated cyclic life. At this point it may be of

interest to compare the threshold stress intensity levels shown in

Figures 29, 30, 34, and 35.

5.1.6 2219-T87 Aluminum Tank Tests

Two 2219-T87 aluminum test tanks were tested at room temperature.

Pertinent tank dimensions, condition of EDM extension_ flaw sizes

before and after testing, duration of test runsB test conditions, and
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final burst together with flaw marking data are listed in Table 12.

The first tank (Serial No. 0001) was pressurized to a hoop stress of

33.2 ksi and held for 178 hours. The hoop stress was calculated by

PK/t f_rrnula using nominal internal radius of 9.7 inches, internal

pressure of 2050 psi and actual she}/thickness in the vicinity of the

flaw (in this case 0.600 inch). The tank flaw was marked in two

stages. There were 500 pressure cycles at an equivalent hoop stress

of 18.3 ksi and additional 2500 cycles at a hoop stress of 19.4 ksi.

Upon conclusion of the marking the tank was burst at a hoop stress of

42.7 ksi with a resultant Kic value of 32.1 ksi/_at the point of
maximum flaw growth.

Fractographic examination of fracture _ _ -ctions revealed that (1) 7

the first flaw in the tank showed a severe delarnination at the tip of the

EDM extension and (2)flaw growth to the extent of O.012 of an inch was

alon E 78 degree line from the minor axis of the ellipse (a-direction).

Data points for the first tank are plotted in Figures 26 and 27 along

with the uniaxial data for room temperature testing. The overall

appearance of tank Serial No. 0001 after the burst test with a close-

up view of the fracture origin is shown in Figure 36. _

Since the sustained test run of the first tank at K_i of 23.9 ksi/_

resulted in flaw extension, +.he second tank was subjected to lower Kii I"
value of 21.2 ksi_. The tank was held at the load for 132 hours,

then marked and burst at room temperature. The resultant Kic value
at the point of maximum flaw growth ( a = 71 degrees) was 32.1 ksi/_.

The flaw was still delaminated at the tip and, as in the first tank, there

was a flaw growth ( 0. 010 inch along 71 degree line from minor

_. _ _..
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_ axis of the ellipse. ) Data points for the second tank are also plotted

in Figures 26 and Z7. Second flaw in tank Serial No. 000Z, as well

as the one in the first tank, were sectioned and photographed to show

the extent of delamination. Figure 37 shows cross sectional view of

the two flaws. The initial as well as end point values (Kic'S) for the

two tanks were augmented by 7 percent as suggested in Section 6.4. 1

in order to compensate for the curvature effect of cylindrical shell.

5.1.6.2 -423°F Tank Test Data

Two 2Zlg-T87 aluminum test tanks were tested at -423°F in a liquid

hydrogen environment. Pertinent information on tank dimensions, flaw

_/ extension, test conditions, marking and burst data are summarized in

Table 13. Test data are calculated for both flaws in each tank.

Tank No. 0003 was scheduled for sustained test run at _i of about 90

i percent of the Kic value of 43.8 ksi_. Malfunction of the cryogenic
'i

pump precluded use of the pressurization system shown in Figure 19.

j Instead, a system utilizing high pressure helium bottles (Figure 18)

! was used. First, the tank was completely filled and submerged in liquid

hydrogen_ then pressurized with helium to 1960 psi; the pressure could

not be sustained and the test run terminated. After modifying the

system with addition of high pressure helium bottles, the tank was

again pressurized for a few minutes to 3190 psi; apparent leaks in the

system forced test termination. Final attempt was made after re-

working the seals and augmenting high pressure helium supply. The

tank burst at 3135 psi pressure level with ensuing explosion and fire

at the test site.

Fractographic examination of the first flaw indicated that the tank was

subjected to a stress intensity level of 42.2 ksi _ or 96 percent of the
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average Kic value for the material at -423°F. Upon sectioning, the

"_qi level in the second flaw was determined at 41.2 ksi _-n. Both flaws
were clear of delaminations. The extent of growth in the first flaw could

not be positively established. Examination of the second flaw (after

cyclic marking of the shell section) revealed flaw extension of 0. 006 inch.

The tank is shown in Figure 38.

Tank No. 0004 was to be subjected to sustained pressure of 2050 psi

with the intent of generating stress intensity below the threshold level.

The cryogenic pump was used in view of the violent burst experienced

with the high pressure helium pressurization system. The cryogenic

pump system was set-up essentially as diagrammed in Figure 19 ex-

cept that pressure feed back was to be read off the dial and compensated

by manual adjustments. During the first attempt the pump pressure out-

put suddenly increased causing overpressure to 2360 psi. The pressure

was dumped, but on the next attempt the same run-away tendency pre-

varied. By dropping the pressure to 250 psi the pump v _ stabilized

and a final attempt to pressurize was made. A new target pressure of

2390 was reached, but upon closing all valves pressure gradually

dropped to 2090 psi in less than a minute, The pump was started to

repressurize the tank, but the pressure overshot the target and the

tank burst at 2620 psi. Chart record of the pressure versus time

plot is shown in Figure 39. Numbers next to the pressure peaks are

pressure readings in psig.

Fractographic examination of fracture faces revealed that tank No. 0004

was subected to 34. 4 ksi/_ stress intensity level in the first flaw and

34.8 ksi _ in the second. Fracture originated in the first flaw and

ran longitudinally through both heads and through the second flaw, There

were no delaminations at the tip of either flaw. Calculated values of

stress intensity were augmented by 7 percent to account for shell

curvature. Careful review of load calibration data and pressure gage .
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readings failed to reveal any discrepancies other than relatively rapid

tank loading sequence.

Possible variation of material properties in tank No. 0004 was checked

by removing a portion of the shell and machining a static fracture

toughness specimen from it. The specimen was pulled to fracture at

=320°F with resultant fracture toughness va]ue of 45.6 ksi/_.

The effect of loading rate was checked at -320eF by programming a

surface flawed specimen AC-5 (not shown in the TaMes) through a

loadin_ sequence similar to the one experienced by tank No. 0004.

Calculated fracture toughness value for that specimen was also

comparable to the average fracture toughness K_c data for the material.

Both tests suggest that there were no unusual discrepancies in the material

properties.

5. Z 5A1-2.5Sn(ELI) TITANIUM TEST DATA

5.2.1 Mechanical Properties and Static Fracture Toughness

Mechanical properties of the 5AI =2.5Sn(F_I) titanium plate were deter-

mined at room temperature, -3Z0OF, and -423"F in ambient air, liquid

nitrogen and liquid hydrogen environments, respectively. Two smooth

tensile specimens were tested at -423°F and one each at -320°F and at

room temperature. All tensile specimens were pulled in the longitudinal

grain direction. Table 14 lists ultimate strength, 0. Z and 0.02 offset

yield strength, and percent elongation in I, 0 and 2.0 inches gage length.

Seizure of the extensmmeter rods during testing of specimen TT-3

limited test data for that specimen to ultimate strength and percent

elongation. The test results are plotted in Figure 40 as a function of test

temperature and compared with similar data generated during the course

of NAS 3-4194 (Reference 8) program.
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Solid lines in Figure 40 are abstracted directly from NAS 3-4194 final

report, NASA CR-54837.

Static fracture toughness of 5A1-2.5Sn(ELI) titanium plate was deter-

mined at -320°F and at -423°F. Specimen dimensions, flaw sizest and

test conditions are listed in Table 15. All static fracture toughness

specimens were pulled in the longitudinal grain direction. Average

values for the material at -3Z0°F were established by plotting static

fracture toughness (Kic) together with _c values obtained during sus-

tained and combined cyclic-sustained testing. The data are summarized

in Figure 41 in terms of Kic versus fracture stress level, i;_a

Average value for the material at -423"F was established by summariz- ii:j

ing all statically tested specimens together with specimens that failed _

upon loading during the sustained load testing. The plot of these data ;_"
/:

is shown in Figure 42. _

!,

5. Z. Z Sustained Flaw Growth at -3Z0°F

Sustained flaw growth characteristics of 5AI-2.5SnlELI) titanium were

investigated by testing three groups of specimens: Group I to provide "-_

information on sustained threshold stress intensity level; Group II

to verify the results of the first _roup by testing specimens for a _,:'

prolonged period and Group HI to generate flaw opening displacement _

data using automatic recording devices, r

5.2.2.1 Group I _

Eleven specimens were tested. Specimen dimensions, flaw sizes,
and test conditions are listed, in Table 16. Table make.up is similar
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to that for aluminum data. _n average Kic for the rnaterial of

68.4 ksi/_was used to ca/.culate the Kii/KIc ratios. There was

no cyclic marking of these specimens. I,ikewise, none of the specimens

were instrumented for detection of surface-_aw opening displacement.

Some differently textured regions near the flaw front were noted in some

specimens, but thes_ could not be conclusively identified as flaw

extensions during the sustained load test sequences.

5.2.2.2 Group II

Results of the two specimens tested in this group are listed in Table 17.

Specimen 5T-IZ was subjected to several test runs at a constant stress

level of 138.9 ksi. The first test ran 76.9 hours, then the test sequence

was interrupted for 16.7 hours when the specimen was left unloaded.

The spec_men was unloads.d, warmed to room temperature, and subjected

to 7,000 cycles at 40.4 ksi stress level to mark _he flaw outline and at

the same tirve increase its size so that the next test runs even though

at the same stress level, would be conducted at a higher stress intensity

vue.

Upon cca_clusion of the marking, the specimen 5T-12 was once again

subjected to sustained loading for 92.3 hours, then marked again at

40.0 ksi but using 108 000 cycles. The sustained test run was repeated

for 24. 1 hours. The specimen was then marked at room temperature

and pulled to failure at -320°F, Examination of the fractured specimen

using polarized light and an electron microscope suggests that there

was no flaw growth during any of the sustained test runs.

Specimen 8T-3 was tested in a similar manner. There were four

sustained load test runs of 119. ?, 39. 4, 64. 5, and 26. ? hours,

respectively. Intermittent marking was done after each run. The
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stress level for each run was kept constant at ! 17.3 ksi. During the

last run the flow of nitrogen into the cryostat was accidentally interrupted,

the specimen warmed up and failed. Examination of the fractured surfaces

revealed no evidence of sustained flaw growth during the test runs.

5.2.2.3 Group HI

Several specimens were tested in this groups Specimen dimensions,

flaw sizes and test conditions are summarized in Tables 18 and 19.

Two specimens (5T-15 and 5T-18) failed under uninterrupted sustained

load test run. The remaining specimens were subjected to multiple runs.

Each specimen was instrumented with strain gages to measure flaw

opening displacement during the test.

Specimen 4T-15 was subjected to sustained load of 158.3 ksi for 21. i

hours. After approximately three hours the load threaded r_d section

of the grips broke and had to be replaced. The specimen was allowed /

to warm to room temperature until a new rod was made and installed.

The test was then resumed and continued until the specimen failed at i!

21.1 hours. The flaw opening measurements were taken manually using

Wheatstone Bridge circuit. Flaw opentn s displacements for the entire ,

test run are summarized in Figure 43.

Specimen 5T-18 was subjecte_ to a sustained load of 165.0 ksi for 34. 0 _

hours until failure. The flaw opening displacements were measured and

recorded using automatic tracing device. Composite records of the flaw / _

opening displacements for tl_ entire run are shown in Figures 44, 45

and 46.

Specimen 5T-48 was subjected to severed test sequences with two p:o'

longed interruptions between the test runs. The malfunction of strata
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gage instrumentation equipment precluded generation of complete flaw

opening data for tl*.is specimen. Fractographic examLnation of the

specimen revealed stained region at the tip of the initial flaw. Neither

the exact extent nor the time of occurrence could be positively identi-

fied. The specimen failed at the end of the last run.

Specimen 6T-21 was subjected to sustained loading of 156.8 ksi stress

level for 22.7 hours. The stress was raised to 164.6 ksi and the speci-

men failed after 0.4 hour at that stress level, There was a total flaw

growth of 0. 017 inch. Composite records of fl_ opening displacement

are shown in Figures 47, 48, and 49.

Specimen 9T-29 was subjected to several test :_ms at progressively

higher stress levels. The flaw opening d_splacements rema;ned stable

during the sustained test runs until the specimen abruptly failed upon

loading. It was presumed that the specimen did not have any flaw growth.

Specimen 9T-83 was also subjected to several test ,_ms ranging in

sustained stress levels from 117.3 ksi for the first test run to 133.6

ksi for the last. During the last run the specimen fractured after 0. 01

hour at the load. The composite flaw opening displacement charts are

shown in Figures 50 through 53. Some flaw growth took place during

the last test n_n as indicated by the flaw opening displacements.

5.2.2.4 Analysis of Sustained Lind Flaw Growth Data for
SAI-2.5Sn(ELI) Titanium at -320°F

The data obtained is divided into two Stoups: (1) data generated using

high atrees level (IS0 to 175 ket), and (2) data generated using stress

levels below 150 kst, The first group is plotted in Figure 54 in terms

of KIi/KIc r&ttos versus Ume to failure or at the maximum load. The

4_
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data points withhl the group are id_,ntified by symbols representing test

runs culminating _, a sustained load failures test runs resulting in no

sustained load failure but an indication of flaw growths and test runs

that resulte_ in no failure and no detectable flaw growth. There were

also specimens in which possible extent of flaw growth could not

positively be established. The No-Failure threshold level line is drawn

below points representing failures and those with observed flaw growth.

The low-to-medium stress level specimens are summarized in Figure

55 in terms of _i/_c ratio versus time to failure or at maximum load.

The No-Failure threshold stress intensity level line is drawn above

the points showing no evidence of flaw growth.

5, 2.3 5AI-2.5Sn(ELI) Titanium (Sustained Flaw Growth at -423°F)

Sustained flaw growth characteristicb were investigated by testing one

group of 13 specimens. Specimen dimensions, flaw sizesj and test

conditions are sulnmarized in Table 20. The initial flaw depths varied

from 0. 043 inch to 0.08? inchs and the stresses ranged from 83.6

; to 162.8 ksi.

i Upon conclusion of the sustained load test runs specimens were marked
at room temperatures_ then broke open at -320°F to expose fl'actare

surfaces for flaw size measurements. Test specimens that failed upon

i loading at -423°F were used to calculate static fracture toughness

i values for the material at -423°F.

*/

5.2.3. I Analysis of Sustained Load Data for 5AI-2.5Sn(ELI)
Titanium at-423°F ,

Data plotted in Figure _6 in terms of K_t/KIc ratio versus time to :_
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failure or at maximum load is divided into three categories" (1)

specimens that failed under loading, (Z) specimens that exhibited

i flaw growths and (3) specimens that had no indication of flaw growth.

The No-Failure threshold level is drawn below the point representing

failure under sustained load. Several points above the line could have

had flaw growths but conclusive identification was not possible. Some

v data points with nQ flaw growth are above the lines suggesting data

ore rlap.

i

d

5. Z. 4 5AI-Z. 5Sn(ELI) Titanium (Combined Cyclic Sustained
Flaw Growth at -3Z0*F)

This portion of tl,e experimental work provided correlation between test

data generated under NAS 3-4194 program (Reference 8) and the sustained

flaw growth data obtained during the course of the present program. Two

groups of specimens were tested. The first group was subjected to stress

intensity levels below the threshold; the other, above. Each group was

subdivided into high and low stress level specimens,

5.2.4. I Group I (Cyclic-Sustained Tests of 5AI-2.5Sn(ELI}
Titanium at -3Z0"F}

Twelve specimens were tested. Specimen dimensions, flaw sizes and

test conditions are listed in Table 21. Four specimens were cycled to

" failure at a high stress level of 162.2 ksi or 90 percent of the uniaxial

._ yield strength of the material. The remaining six specimens were cycled

J to failure at 138.9 ksi or 77 percent of the uniaxial yield strength. All

initial flaws were confined within one third the material thickness,

Critical flaw depths (flaw depth at fracture) in the four high stress

(162.2 ksi) specimens were confined within one half the material thick-

., ness. Test specimens cycled to failure at a lower stress of 138. 9 ksi
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were brought t_ failure with the critical flaws exceeding one half the

material thickness.

Specimens 3T-7 and 3T-1O were cycled to failure at a frequency of 35

and 5 cycles per minute, respectively. The loading profile in specimen

3T-7 was sinusoidal; the loading profil_ for specimen 3T-10 was

generated by truncating sinusoidal wave and thus was similar to the /;

trapezoidal loading used for specimens cycled at low frequency.

Specimen 3T-8 was cycled at a frequency of one cycle per minute under

trapezoidal loading profile. Specimen 3T-50 was cycled to failure while

being subjected to prolonged hold-time (Z. 5 minutes) at maximum load.

The low stress specimens were cycled to failure in a similar manner

except one additional specimen was tested at cyclic frequency of Z cycles ii

per minute and one with hold time of 30 minutes at maximum stress.
!i

5.2.4. 2 Group II (Cyclic-Sustained Tests of 5AI-2.5Sn(ELI) i!
Titanium at -320°F)

These specimens were tested to determine the effect of hold time at !_i.
maximum stress while the specimen is subjected to stress intensity

level above the threshold value. As in Group I, high and low stress

levels were used. Specimen dimensions, flaw sizesj and test con-

ditions are summarized in Table Z2. Test specimens coded with 3T

prefix contained small initial flaws and were cycled at high stress

levels (95 percent of the uniaxial yield strength of the material); test 6

specimens coded with prefix 8T contained larger initial flaws and _

were cycled at lower stress level of about 74 percent. Several specimens

broke upon loading or hnmediately upon reaching the load.
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5.2.4. 3 Analysis of Cyclic-Sustained Test Results for 5AI-2.5Sn
(ELI) Titanium at -3Z0°F

• The combined low-stress cyclic-sustained flaw growth data are plotted

in Figure 57 in terms of the E_i/Kic ratio versus cycles to failure.

Various hold times at maximum cyclic stress are identified by the

corresponding symbols. For comparison with previous data, a cyclic

life curve is reproduced from the NAS 3-4194 final report.

High stress test data are plotted in Figure 58 in a similar manner.

For comparison with previously obtained data, a cyclic life curve is

also reproduced from the NAS 3-4194 final report. In additionj a pre-

dicted cyclic life curve shows the correlation between sustained and

cyclic flaw growth data. The predicted cyclic life curve was con-

structed by using 8Z_percent No-Failure threshold stress intensity level

as determined by using sustained flaw growth data and calculating

cyclic life (number of cycles to failure} for lower stress intensities

but for long hold time at the maximum stress. For example, cyclic

life of a specimen cycled with a frequency of I cpm at a stress httensity

level of 8Z percent of Kic would be Z60 cycles. It may be hypothesized

that the same specimen, if held for a prolonged period of time at a

stress intensity slightly higher than 8Z percept of the _qc value9 would

fail under sustained Iced or during its first c_rcle. Subjecting a specimen

to cyclic loading with prolonged hold time a_ maximum stress at a KI

level of 75 percent of the _c value, the specimen would sustain 480

cycles if there were no sustained load interaction, i.e., if the threshold

level were at 100 percent of the _c value. H,_vever, cyclic life of that

specimen wRl be reduced because in actual case there will be sustained

load interaction once the threshold value reaches 82 percent level.

The interaction will shorten cyclic life of the specimen by Z60 cycles,

or the value of cyclic life in number of cycles to failure at stress in-

tensity level of 8Z percent. Thus, cyclic life of a specimen at 75 per-

cent Kic level with long hold time at maximum stress would be 480 minus
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260 cycles or 220 cycles. The point corresponding to Kii/Kic of 75

percent and 220 cycles becomes one point on the predicted curve that

can be completed the same way by taking lower Kii/Kic values. For Kii/Kic

of 70 percent, combined cyclic sustained life is 740 minus Z60 or 480

cycles, etc.

Ifthe predicted combined cyclic-sustained curve represents cyclic life

with the long hold time at maximum stress, then all specimens tested

at a shorter Bold time at maximum stress should fallabove the predicted

line. Examination of available data verifies this.

5.2.5 Titanium Tank Tests

Two 5A1-2.5Sn(ELI) titanium tanks were tested on this program. Both

tanks were tested at -4Z3°F. Pertinent tank dimensions, conditions of

flaw preparation and testing are listed in Table 23.

The first tank was targeted to be pressurized to 2975 psi. During the

first test attempt, just as the tank was completely submerged in liquid

hydrogen and the pump started, the vent stack from the large dewar

/ caught fire and the test was aborted; the fire was confined with no darn-

age to the test site or equipment, Another test was made after valve

replacement at the vent stack. The tank was pressurized to a target

pressure level to 2960 psi. The system was sealed, but pressure began

to decay; the pump was periodically used to repressurize the system.

• During the run of about I-I/2 hours the pressure fluctuated between

3100 and 2800 psi. The test was terminated as the pump began to cavitate.

At comple_ion of the rum the tank was pressure-cycled using hydraulic

off at room temperature to mark outline of the flaw and thus determine

possible extent of slow growth during the sustained load test run, After
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subjecting the tank to 5000 cyc!es at hoop stress of 50 ksi, it was burst

at -423°F in liquid hydrogen. The tank reached a pressure of 4000 psi

(line limit} but did not burst. The tank was cycled manually until failure.

Upon third cycle the tank burst at 3775 psi. The burst was violent,
J

scattering tank pieces over the entire test area. Unfortunately, the

fracture faces containing surface flaw were obliterated. However,

since both tanks contained identical flaws an estimate of the resultant

initial and critical stress intensities could be made by using flaw

dimensions from the second tank.

The second tank test was conducted after replacing damaged system

components. The tank was pressurized to 3500 psi and held for Z-314

hours. The pump ran smoothly with no pressure peaks and no pump

cavitations, but the system could not be sealed. The pump was put on

automatic control and !eft running. As a precaution against possible

burst and obliteration of fracture face, the tank was wrapped with two

loose coils of annealed 6061 aluminum sheet 0.10 inch thick to absorb

burst impact in case of fracture. Upon conclusion of the test run, the

tank was removed from the cryostat and sectioned to examine and

measure the flaw size. There was no flaw growth during sustained load

test run. Calculated KIi was 48.9 ksi _ or 90 percent of the Kic value
for the material at -423°F. Using the same initial flaw size for the

first tank resulted in calculated Kic value for that tank equal to 53.6
ksi 1/_'K. The average value for the material at -4_3°F is 54.5 ksi_.

Data points from both tanks are plotted together with the uniaxlal data

in Figure 56.

i
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6.0 DISCUSSION OF TEST RESULTS

Several aspects of the present program warrant additional consideration.

Introduction of flaw opening displacement measurement data along with

the cyclic marking of the flaw peripheries after sustained load testing

provided a better understanding of the flaw growth phenomenon and its

significance. The analytical approach has been broadened to include

lateral flaw growth, limited consideration of the flaws that are deep with

respect to specimen thickness, and interaction between cyclic and

sustained loading conditions. The primary data analysis goal was

realistic asses,sment of the safe load carrying capabilities of the two

materials under sustained a_d cyclic loading conditions in the presence

of cryogenic environments.

6. I THRESHOLD STRESS INTENSITY CONCEPT

As pointed out in Section Z.Z, earlier experimental work involving

sustained load testing centered around the idea that by testing a series of

specimens at progressively higher stress intensity levels a curve

would be generated that separates "Failure" points from 'rNo-Faflure"

points. In application to actual hardware, the usable stress range or

the permissible flaw sizes in the material would be adjusted to insure

that none of the possible pre-existing flaws would generate stress intensity

level _I) above the threshold level. The approach is safe if the duration

of the laboratory test exceeds the expected time of service by an appreciable

margin. However, in situations where test time is limited or expected

design stress intensity levels are uncomfortably close to the threshold

value, the "Failure - No-Failure" criteria appear to be deficient.

An understanding of the flaw behavior at the stress intensity levels just

below the threshold levels becomes essential. More sophisticated data

analysis techniques coupled with metallurgical laboratory support

5Z
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indicated that for a certain range of stress intensity levers below the

HFailure - No-Failure*' curve, flaws actually grew, Indications of

partial growth were presumed to be synonymous with initiationof flaw

growth that would eventually lead to fracture,

The necessity of describing, then predicting the behavior of crack-like

flaws in a structure is reflected in the objectives set forth in this

program. Work statement called for flaw growth measurements that,

in selected cases, were to utilize at least two independent techniques.

The two techniques (in addition to generating the Failure - No-Failure

data used on this program) were partial exposure of specimens to

sustained load with subsequent marking after the test run and strain gage

measurements of flaw opening displacements during the test. This

information, coupled with the laboratory analysis utilizing polarized

light and, in some cases, electron microscope fractography, revealed

more specific details on flaw behavior that were not available previously.

It became apparent that in the ZZ19-T87 aluminum, flaws grew at

relatively low stress intensity levels. But flaw opening displacement data

and tracing of the flaw progression (growth) in several specimens subjected

to similar stress intensity levels lead to the realization that the flaw growth

inception was not always foUowed by continuaUy increasing flaw growth

and even_al failure. In fact, very definite indications of a complete flaw

growth arrest were noted in some instrumented specimens. It is necessary,

therefore, not only to distinguish the difference between "Failure - No

Failure" and "No Growth - No Failure" criteria, but also between stable

(self-arresting) and unstable (continuaLly increasing) flaw growth. In

the latter case it is presumed that if a laboratory test or a service is

extended the possibility of a failure could not be excluded. In cases of

No-Growth, of course, the possibility of f&ilure may be completely ruled

out.

I
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6.2 2Zl 9-T87 ALUMINUM DATA

6.2.1 Sustained Flaw Growth at Room Temperature
!

Directing attention to Figure 26 which summarizes the sustained stress

! life data for 2219-T87 aluminum at room temperature, and to Figure 27,

where the same data is plotted showing progressive increase :_( applied

stress intensity level as a result of flaw growth, it may be noted that

i while the No Failure threshold stress intensity level is 90 percent of the

Kic for the material_ the No Growth threshold is about 53 percent.

Flaw growth records and loading history of several specimens will be

used to illustrate the behavior of flaws at different stress intensity

levels.

Starting at the bottom of Figure 27 and proceeding upward it will be

noted that two specimens (C4-I depicted by a symbol • , and AC-8

_ Q ) were subjected to a stress intensity level of 43 and 47 percent

_ of Klc (see Table 6). Neither of the two specimens showed any signs

of flaw growth. The cluster of three specimens (C-6p C-7, C-9,

_ Table 6_ symbols O" 0 P _ [_ J respectively) were tested at a stress

intensity ]_vel of about 52 percentp and each showed a flaw increase

of 0. 004 to 0. 006 inch. The flag note _ next to the line represent-
ing the three points denotes that the flaw growth indication in these speci-

mens was a result of flaw marking technique rather than a true indicationof flaw growth.

!

L) Justification is readily verified by examining the test data at higher stress

intensities0 i.e. • data points for specimens C6-1 _,and second test run

in AC.8 0* • Table 0, The former was subjected to a stress intensity

of 59 percent and the latter to 02 percent of the Kic value for the material.

Neither specimen showed_siKns of flaw growth. The main difference between

... ,,
• I

i
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the two groups of specimens is that specimens C-6, C-7 and C-9 were cycli-

caUy marked at room temperature while specimens C6-I and AC-8 were

marked at -320°F. Specimens C-7 and C6-I are shown in Figure 59

illustratingthe effect of marking technique.

There were 22 test runs, including two pressure vessels, for stress

intensity levels between the No-Growth and No-Failure thresholds. Two

specimens as well as both pressure vessels were held under sustained

loading for more than 100 hours each. The extent of flaw growth in _

pressure vessels Serial No. 0001 and 0002 is illustrated in Figures 60

and 61, respectively. Both tanks had a severe delamination at the tip of

the flaw and the flaw grew sideways in both tanks. Effectivenss of

polarized light illumination for fractographic examination of specimens

is evident when comparing pictures _ken using white light illumination

with those using polarized light. For comparison with the tanks,

• fractographs of two specimens (CA-41 _F and CA-43 _P Table 5,

Group II section) are shown in Figures 62 and 63, respectivelyo

Returning to Figure 27, the self-arresting tendency of the flaws subjected

to stress intensity level below the No-Failure threshold may be illustrated ,_

by considering three groups of specimens. The first group consists of

specimens CA-43 qP and C8-I _ (Tables S and 6, respectively). Both

specimens were subjected to identical stress intensity of 81 percent

of K1c. Assuming identical flaw behavior, the trace is drawn through

initial and final points of both specimens. Examination of the trace _

indicates that flaw growth after the first hour under the load stops. The

same phenomenon may be obserVed in the second and third groups comprised _iI
of specimens C-I m and CA-39 _ in the decond group, and CA-3? O,

second test run in AC-7 _ and C-4 @ in _e third group (see _bles § and
y '

6 for detailed data). Fz_ctographs o_/speclme,_s C-I and C-4are shown

in Figure 84. Both specimens, while void of delamination' showed that the

flaw growth incremei_t was L_rger in the sideways than in the depth {a/c_ S

I
,, • , 55 /.....

• [.
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a-axis}direction. Final flaw sizes in specimens held for longer periods

at comparable stress intensitylevels suggest _t the flaw growth was

stabilizing.

Another gloup is comprised of specimens C-8 _F and CA-42 _ . In

both cases the flaw extended sideways. The flaw growth in specimen

C-8 took place during the first minute at sustained load while specimen

CA-4Z was under the same stress intensity level for 4. 6 hours. A

trace through these two points in Figure 27 clearly indicates the self-

arresting tendency even at this high stress intensity level.

At po'_nts above the No-Failure threshold level some actual failures

under sustained load occurred. Furthermore, the two specimens instru-

|: mented for measurements of flaw opening displacement (specimens CA-34

4_ and DA-33 6 in Table 7) clearly suggest that with time the flaw

ii growth was continually increasing. Specimen DA-33 failed under sustained
_: loading, as did specimens CA-12 & and AA-50 • (Table 5). Fractographs

F of specimens CA-34 and DA-33 are shown in Figure 65.
i _

Thus, for specimens subjected to stress inte_isity levels above 90 p_r-

cent of K_c failure under sustained load is likely to occur.

6.2.2 Sustained Flaw Growth at -320°F

|I Dete,rmination of the threshold stress intensitylevels for the 2219-Tg7

} aluminum tested at -320°F was based ml more exa_ information; in
A

) .addition to the sustained flaw growth data generated in the usual

man,,er, data from specimens tested under combined cyclic-sustainedI

_] loading on this program and from specimens tested under cyclic loading
conditions on NAg 3-4194 program were available. These data. offer

"| an opportunity not only to supply additional information on the, material
i!

o

-= ,..' 56
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behavior but also to provide a direct check upon the threshold criteria.

As pointed out in Section 2.0, the threshold stress intensity concept

may be incorporated in cyclic testing of specimens by introducing

a different hold time at maximum stress level. It was postulated earlier

that for such cyclically loaded specimens there will be no significant -.

effectupon cyclic lifeuntil the stress intensity r_aches the threshold

level. The available sustained and cyclic=sustained data for aluminum

is used to illustratethe analysis as well as to arrive at a realistic

conclusion for use of 2219=T87 aluminum in cryogenic applications.

Analysis of the sustained load test data for 2219=T87 aluminum at =320°F ,_,

is similar to room temperature data. The =320"F sustained stress flaw '_

growth data is summarized in Figures 29 and 30. The No=Growth threshold _--

stress intensity" level is at about 73 percent of the Kic value for the ! _

material and the No=Failure threshold level is at 82 percent of the _c' :_

just above the gzoup of specimens exl_'biting flaw growth arrest tendency :i_;

(specimens AA-49 J and CA-40 _ ). First and second test runs in

specimen CA-38 identified by symbols ® and _ , respectively, and the i_

first run in specimen DA-31 identified by symbol j are considered to -"

fall into the category of flaw growth that would lead to eventual fracture. _i
Abo_e that level were several failures under sustained load. Flaw _

growth patterns for specimen DA-36 X were traced to failure and

helped define curve shapes for similar specimens and a tank included in _

Figure 30. Tank test results were abstracted from the test program

conducted in support of the material evaluation for Saturn S-IC tankage.

Figure 66 shows fractographs of specimens CA-40 _ and DA-31 J

representing points below and above the No-Failure threshold stress

; intensity level_ respectively, Note considerably larger flaw extension

in specimen DA-31 as compared with specimen CA-_0 even _hough the
] '

i latter was held unaer load for 120 hours as compared to 18. ? hours
for the former. '

U
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6.2. B Combined Cyclic-Sustained Test Data at -320°F

Verification of the _.hreshold stress level for the 2219-T87 aluminum

tested at -320°F is provided by the combined cyclic-sustained flaw

growth data obtained on this program and cyclic flaw growth data

generated earlier on NAS 3-4194 program. Both sets of data are

summarized in Figure 24. Interaction between sustained and cyclic

loading conditions does not commence until the applied stress intensity

level exceeds about 80 percent of the Kic value. The interaction manifests

itself by departure from the cyclic life curve established on NAS 3-4194

program. This coincides with the threshold value established for the

sustained data (Figures 29 and 30).

6.3 5 AI-Z. 5 Sn (ELI) TITAHIUM DATA

Analysis of the titanium data generated on this program as well as the

test results obtained on NAS 3-4194 program indicates that behavior

of the two batches of material is comparable and the test results are

mutually complementary o_ace a common plane of reference has been

e stablished.

6.3. I Sustained Flaw Growth

The sustained flaw growth data for 5A1-2.5 Sn(ELI) titanium at -320°F

are divided into two categories: (I) test specimens subjected to high

stress (above 150 ksi) and (2) test specimens subjected to stresses

below 150 ksi, Distinction by stress level in addition to stress

'intensity K may cause some concern because of the apparent descriptive

insufficiency of the K'pararneter. Theparameter K encompasse s the

stress level as_well as the flaw size. The stress level enters into the

o

' "r'_ ,° ,- '_" '_: .......... _'_',_;//,. -,"...._' '" *"

1967025688-084



picture via correction for plastic zone and assurPnce that

condition of gross elastic stress fields in the specimen are main-

tained throughout the test. Examination of the 5A1-2.5Sn(ELI)

titani_n data indicates that the effect of stress level became prominent

only after the stress reached a value of the proportional strength limit

of the material. Thus, data obtained at a high stress level would not

be in compliance with the requirements for valid fracture testing.

Furthermore, the data obtained at such high stress levels, Figure 54,

i. e., above 150 ksi, will have limited application.

Taking 90 percent of the ultimate strength of 192.6 ksi or yield strength

of 180.2 ksi, dividing the former by I. 4 and the latter by 1.1, and

taking the lesser of the two results in a design allowable of about 124

ksi. (This value is for illustrative purposes only and does not incorpor-

ate the statistical confidence limits. ) It w_Jld appear that for a simple,

weU designed and built pressure vesselj the information on flaw behav-

ior under high sustained stress loads only provides a more complete

characterization of the material. Actual|_, however, many design devi-

ations together with unavoidable geometrical discontinuities and manu-

facturing imperfections, are likely to create local stress risers that

may exceed the design value and thus be susceptible to sustained flaw

growth as characterized by the high stress level test data. This would

fall into a rather specialized field of design and analysis not generally

part of daily industrial activity.

Consider now the low stress sustained flaw growth data in Figure 5Z

and compare these results with sustained data obtained at high stress

levels shown in Figure 55. The No-Failure threshold stress _atensity

level for low stress specimens in Figure 55 is near 98 percent of the

_cValue and tspracticalty:¢he same as the critical stress intensity.

Unlike the aluminum specimens _t room and"at -320°F test tempera ,tures,

" ' " no evidence of partial flaw growth could be detected at lower stress

intensity levels, Several instrumented specimens, while subjected to :
,, [I

,f

e
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low sustained stress levels {consult flaw opening displacement curves

listed in conjunction with the presentation of the experimental results

for titanium) failed to reveal increase in flaw opening during the test

sequence and normally culminated in an abrupt fracture.

High stress specimens (Figure 54) present an entirely different

' situation. There were several failures under sustained load; several

specimens had partial growth; o_e test run resulted in No-Failure -

No-Flaw growth. Comoined assessment of high stress data points indi-

: cates that for high stress level the No-Failure threshold stress intensity

is about 8Z percent of the Kic value for the materi_.l.

6.3.2 Combined Cyclic-Sustained Flaw GrowthJ_

p Stress level influence in sustained flaw growth behavior of 5A1-2.5Sn

_ (ELI) titanium at -320°F was confirmed by the combined cyclic-sustained

testing of the same material. The combined cyclic-sustained data is

also divided into groups of high (above 150 ksi) and low {below 150 ksi)

stress levels. The low stress data is summarized in Figure 57 together

i_ with the curve representing test data generated on NAS 3-4194 program

and reported in CR-54837. The No-Failure threshold is equal to fracture

stress intensity (Figure 55). Therefore, under cyclic testing with
different hold time at maximum stress, there should be no sustained

stress interaction, All points should fall on the NAS 3-4194 _i/Hicversus cycles-to-failure curve. Examination of Figure 57 verifies

this. All points fell close to the curve representing NAS 3-4194

data, regardless of the length of thee at a maximum load.

The high stress threshold intensity level established in Figure 54
stres s

is likewise substantiated/by combined cyclic-sustained data. Correspond-

ence with NAS 3-4194 data is not as pronounced as it was with low stress

= _ ,_ 60 _ I

•f ". " ' _ b" I
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data because the curve in the NAS 3-4194 report represents low stress

data. Consequently, even at relatively fast cyclic speed the cyclic

life of high stress specimens is shortened.

6.4 PRESSURE VESSEL TEST DATA

As was pointed out in Section 5.0, the tank testing performed on this

program was plagued with difficulties including plate delamination,

fai/ures of the pressurization system, hydrogen fires with ensuing

dvstruction of the test site and obliteration of one of the fracture

faces. However, in spite of these difficulties and the uncertainties

associated with some of the test data, the restdts indicate that the

sustained stress flaw growth characteristics of the materials investi-

gated are not significantly influenced by the biaxial stress field.

Consequent/y, it is considered that within limits, the uniaxial speci-

men data can be used to predict d_e extended loading performance of

pressure vessels.

Delaminations at the flaw tips in the 2219-T87 tanks tested at room

temperature (see Figures 60 and 61) prevented sustained stress growth

in the thickness direction (i. e., at the point of the theoretical maximumi
i stress intensity}, and as a result the flaws grew in a lateral direction

! with maximum growth occurring at angles, a _ O. While the stress

intensity can be calculated at any point on the periphery of a semi-

elliptical surface flaw, it is not known to what extent the existence

of a physical separation at the flaw tip affects the result. This

uncertainty is compounded by the fact that the aluminum vessels

used in this program were much sma/ler in diameter than those

used in previous investigations (References 8 and 13}_ and the actual

stress intensity at the root Of a surface flaw is believed 'to be

,/ magnified above that Obtained using equation (6), due to curvature.

+
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However, curvature and delamination effects do not present a major

difficulty in the evaluation of the sustained stress flaw growth in

pressure vessels. Subcritical flaw growth is primarily a function of

the ratio of the initial to critical stress intensity and not the finite

i stress intensity values. If the calculated critical value is in _rror by

some percentages the initialvalue is likewise in error by about the

I same percentage and the KiilKic ratio is not changed. Comparing the

I uniaxial and biaxial sustained stress flaw growth data for ZZI9-T87

aluminum at room temperature {Figure Z7) on the basis of Kii/Kic no
i
! difference in behavior is seen. Likewise the flaw growth observed in

the second flaw in aluminum tank #003 tested at -423"F is consistent

with the uniaxial specimen results.

Cornparisml of calculated stress intensities using equation (6)with

data previously obtained by testing larger tanks, indicates the stress

i intensity magnification due to curvature may be approximately 10

percent. This approximate 10 percent curvature effect can also be

seen by comparing the calculated Kic values for the preflawed aluminum

t tanks with the values obtained from flat plate uniaxial fracture specimen

tests. From table 12 it is seen that for the two aluminum tanks tested

!; at room temperature the calculated Kic values were both 30.0 ksi/Fn.

This compares to an average value of 34 ksi/_ obtained from uniaxial

fiat plate tests where similar lateral flaw growth was observed

(i. e., Kic values at _ > 50"). From table 13 it is seen that the

calculated Kic for the aluLninum tank #003 tested at -423"F was

l 39.5 ksi_r_ ". This compares with an average v_l:le of 43, 9 ksi_

obtained from the uniaxial fiat plate fracture specimen tests.
!

l

At present there is no analytical solution for the effect of curvature

on the stress intensity at the tip of surface flaws in pressurized

' __ cylinders. However_ based upon the solution by Folias (14) for •
--C

through-the-thickness cracks in pressurized cylinders it is expected

that the magnification in stress intensity is a function of both the
: ,4',

\
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flaw size and the R/t value. If the flaw sizes are small and/or if the

R/t value is relatively large (perhaps greater than 35 based upon

previous tank test results (13))the curvature effect is small enough to be

neglected. On the other hand, if the flaws are large and/or if the l%/t

value is small it does not appear unreasonable to expect that equation

(6) could underestimate the stress intensity by the 10 percent

experimentally observed in this investigation. It is apparent that

in order to accurately apply the uniaxial fracture specimen data to

the prediction of critical flaw sizes in small diameter thick walted

v_sels an analytical solution to this curvature problem is needed.

Aluminum tank #004 tested at -423°F yielded no flaw growth data and

a very questionable Kic value. As noted in section 5.0 this tank failed
after several very rapid unintentional pressure oscillations due to a

pump malfunction. Although there were several attempts to determine

the reason for the abnormally low Kic value (see Section 5.0), it

still remains unexplained.

The two titanium tanks were tested under sustained pressure at -423"F

and revealed no flaw growth at applied stress intensities of about

90 percent o£ the KIc value. This is consistent with the results

obtained with uniaxial specimens. Also, a close correspondence

between uniaxlal and biaxial critical stress intensities was indicated.

Because of the much larger diameter to the thickness ratio in the

titanium tankpcurvature effects are considered to be negligible.

?

,j
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7.0 CONCLUSIONS

The sustained stress flaw growth data obtained on this program can

be used in estimating the life of cryogenic pressure vessels subjected

to extended periods of time at pressure, such as will be encountered

in long term space missions. Also, the results of this program can

be used in conjunction with the cyclic flaw growth data obtained on

NASA Contract NAS 3-4194 (reported in CR 54837) to estimate the life

of pressure vessels subjected to combined cyclic and sustained pressures.

Assurance of safe life for extended pressure storage can be obtained

by insurir.g that during the required life the maximum applied stress

intensity in the vessel does not exceed the sustained stress threshold

stress intensity value for the specific material and environment. A

successful proof pressure test can be used to determine the maximum

possible initial applied stress intensity in the vessel. The maximum

initial to critical stress intensity ratio is equal to one divided by

the ratio of the proof pressure to the maximum operating pressure.

From the results of this program it is concluded that below the

"No Failure" threshold stress intensity level (i. e., that stress

intensity above which delayed time failures can occur) time at pressure

has little or no effect on cyclic flaw growth rates. Hence, the data

reported in CR 54837 can be safely used to determine the number of

pressure cycles required to increase the initial stress intensity to

the threshold level. Above the threshold level,time at pressure can

have a large effect on cyclic flaw growth rates and as a result cyclic

life can be severely limited. In fact, it appears possible that only

one prolo-ged pressure cycle could cause failure.

Some specific observations and conclusions regarding the two materials

investigated in this program are as follows:

1. For the 2219-T87 aluminum it has been shown that small amounts

of sustained stress flaw growth can occur below the '_o Failure"

64
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threshold stress intensity level; however, the growth apparently

stops after a short time at load. A lower threshold exists below

which there is no evidence of growth. This has been termed the

"No Growth - No Failure" threshold level.

2. For storage involving days or even weeks of extended pressure

loading it is considered possible to safely operat_ 2219 aluminum

vessels at stress intensities between the upper and lower threshold

levels. While it may be possible that these vessels could be

safely pressurized for longer periods of time in this region,

the present lack of substantiating test data makes it appear wise

to limit the maximum stress intensity at the lower threshold level.

3. The accuracy of the estimated upper and lower threshold levels

for the 2219-T87 aluminum at -423°F could be improved with

additions/test data.

4. For the 5AI-Z. 5Sn(ELI) titanium at stress levels above the

proportional limit there is an increased susceptibility to

delayed time failure under sustained stress as evidenced by

a substantia/ly decreased threshold level. As applied to

titanium pressure vessels this is of particular significance

_: in those areas of discontinuity where the actual stresses can

be substantially above the nominal calculated values and

quite possibly above the proportional limit of the material.

/

/' 5. Because of the decrease in plane strain fracture toughness,

: _c' with decrease in temperature, pressure vessels
'/: fabricated from 5AI-2.5Sn(ELI) titanium should be proof

tested to a stress level above the maximum operating stress

at a temperature equal to or below that expected in service.

E J
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6. Because of the slight increase in fracture toughness with

decrease in temperaturej it appears that pressure vessels

fabricated from 2219-T87 aluminum should be proof

tested to a stress level above the maximum operating

l stress at or above the expected service temperature.

I 7. The 2219-T87 aluminum and 5AI-Z. 5Sn(ELI) titanium

uniaxial data obtained on this program is considered to

be applicable to biaxial loa_. '.g conditionsp which exist

in pressure vessels_ even though the biaxial data obtained

is not nearly as complete as originally planned.

./
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Tabl_ 5: S_.
AUJ

SPECIMEN CYCLI(,' EXTENSION FLAg SIZE BEFORE SUSTAINED TF._ RUN
SIZE OF }_M FLAW THETESTRUN

J a- - :_



_An_D LOADFLAWM ZZ_TAZ_m _.19-T_

_IZ_4 AT ROOM TEMPEBATORE (Groups I and II)





Table6: SOST

ALL_

SPECIMEN CYCLIC EXTENSION FLAW SIZE BEFORE SUSTAINED TEST RUN
SIZE OF _ FLAW THE TEST RUN

III

0.604 0.215 0.613 0.153

0.660 0.262 0.848 0.168

0.663 o.241 0.843 o.163

0.61_5 o.2_.5 0.860 o.166

0.652 0.2_7 0.853 0.166

0.663 0.218 0.830 o.155

o.671 o.2_8 0.858 o.166

0.656 0.236 o.847 o.155

0.652 15 0.252 o.861 o.161

0.653 15 0.233 0.828 o.152

IV

0.655 6 o.1_8 o.561 O.lO7

0.653 6 0.095 0.322 0.064

• 0.653 6 o.o51 o.178 0.035

0.650 9 o.21_ o.834 0.132

• •0.258 0.872 o.17o

i o.661 7 Jo.17_ 0.828 o.133
=

I t O.R60 0.887 0.169

I

POLLEDTO FAILURE

___ SPECIM_ USED FOR - 3RO°FTEST

gie _ I_IVIIXIAL S_

|_J[fJ_ J

%

7

,m
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'_ED LOADFLAWaS_ raTAFOR_9-_
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Table 7:

SPECIMEN CYCLIC EXT]!_SION FLAW SIZE BEFORE
SUSTAINED TEST RUN

SIZE OF _ FLAW THE TEST RUN

(m_q V
CA-3_ 0.658 0.212 0.767 0.142 -_

0._

DA-33 0.658 15.0 S 0.173 0.603 0.121 O.i_

0.195 O.6_9 0.132

_> - .

m o_ _DUO i

;--" It •

- ,_ : ,. "_ _ '"" _ta_, /
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Table 8:

I

o FAZL_UH_R _ r_D

AVm_ _e _.. _.z..ewasusm_ _z_ z:mezeswanzz_WASJ_ -

_o ,'n Mort,n, iI_Z-I
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SUSTAINEDLOAD FLAW GROWTH DATA FOR _19-T87

ALI_ AT - 320°F (GroupsI and II)
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_: SJSTA_ED LOADFLAWGRCN_I DATA FOR _lg-T_

AT 320_F (Oroup_ III and IV)

FLAW SIZE A_T_ CYCL£C F_AV FLAW SIZE AFT
THE TEST RUN MARKI_O CYCLIC MARKI



!-- -; .- o

f

b.179 -320 0.18_ _3.0 36.7_ - 0.73_ 0.73_ "11

tlo.k_5 ..... o.5_ o.54_ D

i_.435 -3_ o.g35 _.c - - o.7_ o.?_6 g

f
t

i

.... I !

" ""', Table9 '_
o , . [

,j. ., ._(_ ,,?

;' "3'. _ ',:,._, 143 .... - .

• 'j ,: kl" '
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Table

SPECIMEN C_CLICEXTENSION FLAW SIZEBEFORE SUSTAINEDTEST RUN
SIZE OF EDM FLAW THE TEST RUN

I ^a -

I

o.656 0.3051.166 0._9

0.655 0.3081.21o o.sso

o.661 o.27k1.23 o.198

0.658 o._u o.761 o.1_

o.662 27.9o.157o.56_ o.1o6

0.656 0.26710.758 0.156 38.6
I

II

0.670 o.1890.598 o.121 37.8

I

I

I

L

!
i
I

H POLL_ TO FAILUB 0 _ _

K RATIO8 ,,--. _!:

If, i i
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o.157 o.p6_ 0.1o6 o o.21p o.654
o.271 0.808 o.161+ 0.0o1$ 0.387 1.139

0.199 0.601 0.123 O._LO 0.900 0.601

+ i
,++

i
L_

• 'J H

_"_ ') ' • 4, ' -*

z,!_++_.:+_;L++- "'+ - +i' *.,,' <., + !x '; ,, . , ;+', j • +
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Table10 _
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TABLE 11 COMBINED CYCLIC-SUSTAINED FLAW '

FOR 2219-T87 ALOMI_ TESTED AT -

GROUP I





.,,.............. -.

BPECIMEN GTCLIC EXTENSION FLAW sIZE BEFORm SUSTAINED TEST RUN
i SIZE OF E_M FLAW THE TEST RUN

o
, _ o.60o o._3 o.8_ o.155

o.623 o._5 0.863 o.155t

', O
t J

• u
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FLAW GROWTH DATA
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m_x Table16
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Table 19: SUSTAI!

5 _-_ 112s,
(oro_



"" ::7 : :'I ,;; ,:(_'H , ",2,'- '>_



J,O.| ,_ ¢_1

SUSTAIt_'ED
S_'E OF _.'_.}3_A.W "'-

_"-" _ ! _ "'" _ _ ' _ _ _ ,_ _ i

! E,I I

GR0_P I
_T-58 0.2O7, 2.0Oi RT _0.O 70 0.0_7 0,1_8 0.O3O -_2_, 160.C
3T-63 0.205 2.OO _ 20.0 60 0.043 _.133 0.028 -42_ ].79.0
3T-._ 0.205 2.001 /_ hO.0 71 .00_90.1_3 0.030 -&23 ].62.8
3_-v.8 0.201 2.O01 1_ _0.0 73 0.052 _.1_6 o.030 -k23 154.6
5T-?/_ 0.195 2.001 l_r 40.0 25 0.049 3.210 0.037 -/_23 136.8
,_-';'9o.]._2._ _ 40.0 ,':o 0.050 o.18,.;0.035 -_23 ].Ei'.x

.... _3 137.1
5_-76 0.2o8 2.OO n_ _o.o 2o o.ou8 o.z81 o.o3_ -_3 1_.o
5T-Tk 0.207 2.01 RT 40.0 20 0.054 0.203 0.038 -_23 1_0.4

5T-750.207 2.e.t _ _o.o 21 o.o_9 0.193 0.037 ._2_3"-_o._
_ _ _ 0

.... l_23 I_o._

6_-7o o.2o1' 2.oo mt _o.o x_ 0.012 o.238 0.0_-_3 116._
6T-69 0.207 2.00 Rt _0.0 15 0.073 0.235 0.C_6-_,_ 119.2
_-_ 0.Z02 2.0]. m' _0.0 ].5 o.07_ o.2_8 0.o_7-_23 11o.5
_-6o o.x99 z.oo _ _.0 3 o.o89 0.368 o.o63-_3 83.6



Table 2'_" T'J[_AIr_D LOAD FLAW GROWTH DATA FOR

• ' 4AI,-2 1 '2 Sn (ELI) T_tan_um 9 -h93 F

FLAW S_ZE AFT_. CYCLIC FT-_W FLAW Si.
TL,_'I' RL_

THE TEST .RUN _._t_ING CYCLIC

• _ _ _ _...

12.3 52.0 0.0_7 0.i_8 0.030 0 o _ _6.0 6o 0.072 o:

56.2 .........

x 53-5 .........
50.8 .........
_o._........
_'_ - - - i ......

:to.7 _9.6 0.050 o.186 o.o3_ o o m' 5o.01 2o o.o6_ o.:
3-5* _.8 ..........
o.9 53.5 .........

.1,..0 52.2 .......... ,
8.2 ....... -- - - -:
7.1 52.2 0.0_90.l_ 0.03_. 0 0 1_ 2_.0 60 - .i

.... ,, , oo,olo !
_ _._ ........

50 .I ........
_7.3 o.o7_ o.2_8 o.o_7 o o _ 6o.0 3 o.L_

_.o t_.8 0.o88 o.368 0.o63 o o _ _o.o i 2 o.xo7





Table 21: C'_,)MBI;_

5 AL-2 I'2 Sn (ELI) Ti

SPECIME:_ CYCLIC EXT_SION FIAW SIZE B_OHE

SIZE CF EDM FIAW THE T_ RUN C

OFIOUP I

3T-7 o.196 2.00 z_ ]_o.o ?z 0.040 O.:L_I 0.029 -3_ ]
3T-zo o.zg_ 2.oo z_r _o.o 7o o.o49 o.147 o.o31 -3_o I

3'z-8 o.zgP 2.00 ]zT _o.o 80 o.o_ o.).3,_ 0.029 -3_ :z
3T-5o o._oT 2.0_ _ _0.0 _5 o.o_8 o.z35 0.o29 -3eo

_-_8 o.z99 _.oo _ _o.o 3P o.062 o._8_ 0.038 -3_o

P'X'-3P0.].9/' 2.00 m' _o.o 28 0.o6o 0.2o3 0.04o -32o z
_-2'7 o.2o2 _.oo z_ _o.o 30 o._ o.2oo o.o39 -32'0 z.

_.z3- o.].gk___.oo _ _o.o _9 o.o_ 0.]86 0.038 -32o :z.
_'.z9 o.:z.9__.oo m' _.o 3) 0.063o.zg_ 0.059 -___ :z.__6 o.s)z. 2.oo m_ _.o _ o.o47 o.).8_ 0.033 -_0 ]._



0.007 ._e.3 131 0.095 _).2_.2 0.051 -320 0.051 L38.9 60.6 0.862

0.007 5_.0 301 0._1 3.Lx_ 0.062 -320 0.062 L38.9 67.2 0.80_

0.05 53.7 309 0.106_).265 0.056 -320 0.056 L38.9 6/_.3 0.850

0.13 52.7 _9 0.1113._63 0.056 -3_0 0.056 L38.9 6_.I 0.823

o.15 _3.oZ_z o._%7_.eS_o._ -3soo.05&L38.96e.1 o.8_3
3o.oo _.8 _o9 oiao_.sToo.o_8-_moo.o_ L38.96_.7 o.7_



rn _ :.J abl, 2__. (':_4BrNI.:D [_U;_TATHr.][

5 AL-9 1./_, ._;n f;',T

(_roup It

S_,C,_N CYCLIC K_T_SION FIAW SIZE BI'/FOHt:

SIZE OF EDM FLAW THE TEST RUN CYCLIC

.... _

GROU_IZ ] ........... "
!

I

3T-_3 0.202 2.00 _ 40,0 9O 0.050 0.151 0.03_I-320 175.0

3T-2 0.196 2.001 R_ hO,O 70 0,0_5 0.123 0.o_7'-3t-<)171,0

3T-_5 o.2o_ 2.00 ST _,0.0 9O 0.046 0.138 0.029-3_0 171.0

3T-_ 0.195 2.001RT _0.0 71 0,046 0.13310.029-300 171.0

3T-_7 0.200 Z,001ST _0,0 70 0.037 0,13SI0,027-3_0 171.0

8T-_2 0.19_ 2.00 ST gO.O 15 0.079 0.282 0.055-3_0 133.0

81'2310.197 2.00 ST _0.0 12 0.06_ 0.271 0.0_9-320 133,0

, 8_-5_ o._5 Z.O0 _ ho.o 12 o.o87 o.28_ 0.057-3_oo 132.7

_-57 O.L_6 Z,01 _E _0,0 lO 0,090 0,301 0,059-3So 123,3

8T-73 0._01 S,00 _E _0,0 10 0,070 0,_67 0,051-3_0 133,0

8t-_9 o.ay_ _.o1 aT kO.O 10 0.086 0.3S7 O.06o,.,_o ]_o.7
8'I-16o,19_ 2,0o _ _0,o 13 0,079 0,_96 0,057-:_0 133,o

._ -- _-_ O.k:xY__.OS,.m' _o.o 8 o,OT9 0.269 0,053-_0 132,0

-,_r-6_ O.L_ Z;_A I_ _O.Ol 7 .- 0.070 0.30_ o._-3_0. 133.0
.

C, 0 " ,, -

3_, • _'f__"_"=.._5,_A-'_'-[-E,.'-_cL _' ":_. _._1_ -e._ ",=:&:_jc_t_.TT._/_,_.,_';:_"_: ":2: _ ' ,:'' ' *,' ''._, J "' ' '' ''. • ' ,"', ', _'" ,.4"

_, ..,__,_,2_ _ ,c._ _ .:.,w_,_',_%_', -" :" _ ,_.'-_%_,_=£,_',',o_;_-,_,t_.,? ,,,,.,_"o:,.s_- ",__ ,,,._,fs.: _ ,, , w'_'_,,., . _ .. ,,,:,".,.' , . . ' , , ."., "...,:

1967025688-209



¢?/(LJC LO/D FLhW GPO?[S{ DITA

Ti nn[um _ 320 F

)pr, [ u:orj_ )

i
0.167[0.037 63.8 o,949

I

o.177_o.o39 63,8 0,833
o.183 o,_1 63.6 0,841

o.166 0.036 6o.2 0.9o8
0.157!o.034 60.4 o.886





T_.ble 23: ,_IU_TAIP_O LOAD FLAW G[(OTIPT: Df';_'A

For 5 /,;,-2 L/2 _;n (_._I) TI'rANI_ TA_T_"AT -_'i"_'

I FLAW S_ ,_,__uvT_R "";,.LICFLAW

SU_rt-:fT_D_ RU_ i THE TF_'._ _ _j.P_.I_,'_

= = : ' ' ' " _ :: = -rl-g23 131.' 38 o.o2g* o.lTo_ o.o23

3 -b23 165.: _.8 _,9 o.o2_ 0.170 O.O23 o o



...... i .......

J
a

0.02'70.172 0.026 -I_23 0.026 176.7 55._ -

o.o_ o.175 o.o_ -32oIo.o32 _ - o.9o

t

|

I
I

!
[

I
!
!
I
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